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Summary
Summary
Within the framework of this study we analysed different processes taking place in sandy
sediments and their influence on the total oxygen uptake (TOU).
We investigated the influence of current-driven advection in contrast to concentration-
driven diffusion with benthic chambers in the laboratory and in situ close to Warnemu¨nde
in front of the Hu¨telmoor. As these two processes are dependent on the occurring sedi-
ment parameters, we characterized the study area as one of the main objectives in this study.
Therefore the organic content of the sediments, grain size distribution, permeability, chloro-
phyll a content and the distribution of macrofaunal organisms were analysed.
TOU is affected by current- and concentration-driven processes, but additionally by the
occurrence of macrofauna which respire and indirectly influence the TOU by additional oxy-
gen input to the sediment due to e.g. bioturbation. To estimate the share of macrofauna of
the TOU, we developed a reliable respiration rate formula for the most abundant infauna
species in the study area, Mya arenaria. With this formula, a respiration rate and therefore
the contribution to the TOU can be calculated for theM. arenaria population, based on their
abundance and individual size distribution. M. arenaria contributes with less than 16% only
a minor fraction to the TOU. The indirect contribution to TOU by M. arenaria was not de-
termined in this study.
The TOU measured at the field stations ranged from -10 to -28 mmol O2 m
−2 d−1. The
assumption of the greatest part of the study area to be permeable and thus subject to potential
advective processes was not met in our study. An effect of advective influence on oxygen
uptake was only shown for one in situ station. For this in situ station we found an increase
in TOU at a factor of 2.
Laboratory results show that oxygen transport in permeable sediments is not necessarily
associated with an increase in TOU, but that oxygen uptake needs to be fuelled additionally.
Laboratory flow-through experiments showed that increasing porewater flow increased volu-
metric oxygen uptake rates and that the rate of this increase was in turn higher when properly
fuelled with e.g. dissolved organic carbon sources.
When wanting to analyse potential advective influence on the TOU of an area, the defini-
tion of a threshold for permeability is crucial. For this purpose it is important to differentiate
between possible effects on porewater advection and the affected TOU (total oxygen uptake).
We argue for an increase of this threshold.
The originally defined threshold for permeable sediments of 2.5∗10−12 m2 (which led
to the assumption of most of the area to be permeable) was based on studies using tracers.
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Summary
In our study, oxygen uptake of sediments with a permeability of <7.5∗10−12 m2 was not
affected by advective influence. Therefore the permeability threshold has to be set higher.
Regarding results of our study and literature data, we argue the threshold to be increased to
at least to 7.5∗10−12 m2 or even to 2∗10−11 m2. The permeability in the analysed study area
was therefore not as decisive as originally estimated and less parts of the area were subjective
to an advective influence on TOU.
With this threshold a permeability effect on TOU can be assumed for 47 - 80% of the
study area.
As the advective influence in the field depends on bottom velocity in the study area, a
wave spectrum was assessed. As a rough estimation less than 70% of the occurring waves
would reach the sea floor in the study area further reducing the occurence of advective ef-
fects. Summing up the permeable part of the investigated area and the times when waves
would induce advection in the sediments, the possibility of oxygen uptake to be influenced
by advective porewater flow would be reduced to 33 - 56%.
X
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Zusammenfassung
Im Zuge dieser Arbeit wurden unterschiedliche, im sandigen Sediment stattfindende Pro-
zesse und deren Einfluss auf die Sauerstoffzehrung untersucht. Hierfu¨r wurde im Labor und
in situ in der Na¨he von Warnemu¨nde, vor dem Hu¨telmoor, mit benthischen Kammern der
Einfluss von stro¨mungsgetriebener Advektion im Gegensatz zur konzentrationsgetriebenen
Diffusion untersucht.
Da diese Prozesse von den vorhandenen Sedimenteigenschaften im Feld abha¨ngig sind,
wurde als ein Schwerpunkt der Arbeit das Studiengebiet charakterisiert. Hierfu¨r wurde der
Gehalt an organischemMaterial der Sedimente, die Korngro¨ßenverteilung, die Permeabilita¨t,
Chlorophyll-a-Gehalte und die Verteilung der vorkommenden Makrofauna bestimmt.
Die Sauerstoffzehrung wird durch stro¨mungs- oder konzentrationsgetriebene Prozesse be-
einflusst, aber auch durch die Anwesenheit der Makrofauna, welche atmen und zusa¨tzlich
durch Sauerstoffeintrag ins Sediment einen indirekten Einfluss auf die gesamte Sauerstoff-
zehrung der Sedimente haben. Um abscha¨tzen zu ko¨nnen, wieviel Anteil die Makrofauna
an der gesamten Sauerstoffzehrung im Studiengebiet hat, wurde eine Atmungsformel fu¨r
die ha¨ufigste Infauna Art im Studiengebiet, Mya arenaria, entwickelt. Anhand dieser For-
mel konnten wir, basierend auf der Abundanz und der Gro¨ßenverteilung der Individuen, den
Anteil an der gesamten Sauerstoffzehrung fu¨r diese Population bestimmen. Mit bis zu 16%
machtM. arenaria nur einen geringen Teil der Sauerstoffatmung im Sediment aus. Der indi-
rekte Anteil an der Sauerstoffzehrung wurde fu¨r diese Art in dieser Arbeit nicht bestimmt.
Die gesamte im Feld gemessene Sauerstoffzehrung reichte von -10 bis -28 mmol O2 m
−2
d−1. Die Annahme, dass der gro¨ßte Teil des Studiengebietes permeabel ist und damit ein
advektiv induzierter Porenwasserfluss die Sauerstoffzehrungsrate steigert, konnte nicht ge-
zeigt werden. Wa¨hrend der in situ Inkubationen wurde die Sauerstoffzehrungsrate nur bei
einem Standort durch advektiven Einfluss erho¨ht. An diesem Standort wurde die Sauerstoff-
zehrungsrate allerdings um den Faktor 2 gesteigert.
Die Laborergebnisse haben gezeigt, dass Sauerstofftransport in permeablen sandigen Se-
dimenten nicht unbedingt zu einer Steigerung der Sauerstoffzehrung fu¨hrt. Zusa¨tzlich zur
Sauerstoffzufuhr muss eine Na¨hrstoffquelle gegeben sein. Durchflussexperimente haben au-
ßerdem gezeigt, dass volumetrische Sauerstoffzehrungsraten durch einen Anstieg der Poren-
wassergeschwindigkeit gesteigert werden ko¨nnen. Die Rate dieser Steigerung wurde zusa¨tz-
lich durch Zugabe von z.B. gelo¨ßten organischen Kohlenstoffquellen erho¨ht.
Um analysieren zu ko¨nnen, welcher Anteil eines Gebietes potentiell von einer Steigerung
der Sauerstoffzehrungsrate durch advektiven Einfluss betroffen ist, ist die Definition eines
XI
Zusammenfassung
Grenzwertes ausschlaggebend. Wichtig hierbei ist es zwischen advektivem Einfluss auf den
Porenwasseraustauch und messbarem advektivem Einfluss auf die Sauerstoffzehrungsrate zu
differenzieren. In unserer Studie argumentieren wir fu¨r eine Anhebung des Grenzwertes.
Der urspru¨nglich angenommene Permeabilita¨tsgrenzwert von 2.5∗10−12 m2 (welcher zu
der Annahme fu¨hrte, das fast das gesamte Studiengebiet permeabel sei) basiert auf Studien,
welche als Indikatoren z.B. Farbe nutzten. In unserer Studie wurde die Sauerstoffzehrungsra-
te von Sedimenten mit einer Permeabilita¨t von 7.5∗10−12 m2 nicht beeinflusst. Der Permeabi-
lita¨tsgrenzwert muss also ho¨her gesetzt werden als urspru¨nglich angenommen. Nach unseren
Ergebnissen und Literaturdaten, sollte der Grenzwert auf mindestens 7.5∗10−12 m2 oder so-
gar auf 2∗10−11 m2 angehoben werden. Die Permeabilita¨t des gesamten Studiengebietes ist
somit weniger ausschlaggebend, als urspru¨nglich gedacht. Mit den potentiellen Grenzwerten
fu¨r advektiven Einfluss auf die Sauerstoffzehrung ko¨nnen 47 - 80% als permeabel betrachtet
werden.
Advektiver Einfluss ist immer abha¨ngig von der Bodenstro¨mung im jeweiligen Gebiet.
Aus diesem Grund wurde ein Wellenspektrum im Studiengebiet aufgenommen. Weniger als
70% der aufgezeichneten Wellen erreichen den Seeboden. Wenn wir jetzt den permeablen
Teil des untersuchten Gebietes und die Zeiten, wann Wellen den Porenwasserfluss steigern
ko¨nnen zusammenfassen, reduziert sich dieWahrscheinlichkeit, dass die Sauerstoffzehrungs-
rate durch advektiven Porenwasserfluss beeinflusst wird auf 33 - 56%.
XII
1. Introduction
1 Introduction
71% of the world’s surface are covered by oceans. Of these marine waters, more than
7% are continental shelf seas (depth <200 m) (Hall 2002; Winogradow and Pempkowiak
2014). Shelf seas are the areas connecting terrestrial, oceanic and atmospheric environments
(Gattuso et al. 1998). Even though shelf seas only cover a small part of the whole ocean,
they are highly important in terms of biogeochemical cycling and belong to the most bio-
logically active areas mineralizing organic matter. The recycling of organic carbon occurs in
the water column and in the benthic zone. Benthic processes are highly important and 90%
of organic matter mineralization of the oceans takes place in the shelf seas (Gattuso et al.
1998). The shelves thus play a crucial role in the global cycling of carbon and nutrients.
Generally benthic habitats can supply up to half of the nutrients for primary production in
coastal seas (Lohrer et al. 2004). As these ecosystems are highly productive, they are impor-
tant for the whole ocean and are highly valuable also for the earth. Coastal seas are subject
to extreme pressures due to strong societal use, such as transportation, recreational use and
fisheries. Despite their strong usage, some aspects of shelf sediments are astonishingly little
understood, such as the processes in sandy sediments.
An important inner continental shelf area (water depth <65 m) is the Baltic Sea with an
average depth of 52 m. More than 45% of the inner continental shelf areas are covered
by sandy sediments (Hall 2002). Sand in temperate regions is usually formed of different
particles; e.g. quartz particles and shell fragments. Quartz particles vary in size and all
particles within the sediment range from silt <63 µm to coarse sand grains >1000 µm. In
contrast to muddy sediments, sandy sediments have low organic carbon contents, generally
lower abundance of microbes (Rusch et al. 2003) and have been considered as sites of low
biogeochemical cycling for a long time (Boudreau et al. 2001). However, due to advective
porewater flow coupled with strong biogeochemical reactions in sandy sediments, high min-
eralization rates can be encountered (Huettel and Webster 2001; Santos et al. 2012; Huettel
et al. 2014) and thus sandy sediments may play a more important role in nutrient cycling
than originally thought (Huettel et al. 2014). The role of sediments in the recycling of or-
ganic matter and the processes involved differ between areas and are influenced by marine
sediment properties like permeability.
About 20% of the German Baltic Sea sediments consist of medium and coarser rest sed-
iments (defined as coarse to medium sediment) (BmBF-Projekt:
”
SECOS“ (The Service of
Sediments in German Coastal Seas)). In sandy sediments the relatively large pore spaces
allow for an interstitial flow which is referred to as porewater advection (Huettel et al. 2014).
Advective transport of material contained in the water flows, leads to an acceleration of mate-
rial exchange across the sediment water interface. Generally the rates of solute exchange due
1
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to porewater advection are higher than compared to molecular diffusion (Huettel et al. 1996,
1998; Aller et al. 2001). During molecular diffusion, the exchange between the porewater in
the sediments and the overlaying water is solely driven by the concentration gradient. The
magnitude of an advective flow however, depends on sediment characteristics as well as the
underlying hydrodynamic forces.
Processes in the ocean’s sediment depend on the sediment properties of any given area.
Sediment properties differ between sites and can be quite variable. One fundamental prop-
erty influencing the interstitial flow of overlaying water into the sediment is its permeability
(k). Permeability depends on the compaction, fractionation and sorting of particles. Mostly
sediments are defined in two categories, permeable and impermeable, despite the fact that
there exists a continuous spectrum of permeability. Focussing on these two categories only,
sediment was originally estimated as impermeable if k <2.5∗10−12 m2 (Forster et al. 1996;
Huettel and Gust 1992a; Glud et al. 1996) and as permeable if the permeability is above
this threshold. Permeable sediments allow advective movement of porewater into the sed-
iment, while impermeable sediments allow only for diffusive input. Generally sediments
are defined permeable if porewater flushing can alter the biogeochemical cycling (Huettel
et al. 1998; Jahnke et al. 2000; Reimers et al. 2004). In the Baltic Sea, 82% of the area is
considered to be permeable (calculated for 52% of the Baltic Sea; Forster et al. 2003) and
is thus possibly subject to advective processes assuming a threshold of k = 2.5∗10−12 m2.
However, a threshold between permeable and impermeable is debatable. One study define a
third category of moderate permeability (Neumann et al. 2017a). Further investigations are
needed to determine the definition of a permeability range (Forster et al. (1996) also suggest
necessary investigation for areas of intermediate permeability of 2.5 - 5∗10−12 m2).
Oxygen entering the sediment via a diffusive process typically has a penetration depth
of 2 - 5 mm in coastal sediments (Ziebis et al. 1996). The accelerated porewater exchange
due to advection leads to an increased oxygen penetration depth (Shum 1993; Ziebis et al.
1996; Marchant et al. 2014). Oxygen is highly important for the metabolism of microbial
communities, as heterotrophic communities gain energy from the oxidation of organic car-
bon. Oxygen is the most favourable final electron acceptor as it is the most efficient energetic
pathway for organic matter degradation. The availability of oxygen shapes the metabolism
and also the composition of microbial communities (Forster et al. 1996; Glud 2008). Oxygen
uptake by microbial communities follows a zero order kinetic and the uptake rate is basically
independent of the oxygen concentration (Doran 1995). All oxygen reaching the sediment
thus stimulates the microbial community and is consumed immediately.
Available oxygen determines the composition and metabolism of invertebrate and micro-
bial communities (Forster et al. 1996; Glud 2008), therefore the oxygen penetration depth
2
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has a strong influence on the organic matter mineralization within the sediment (Huettel et
al. 1996; Forster and Zettler 2004; Jahnke et al. 2005; Janssen et al. 2005a). With increased
oxygen penetration depth, oxygen reaches a larger surface area of sediment grains which
harbour bacteria and can metabolise oxygen. As a result, active sites of biogeochemical re-
actions are increased and extended to greater sediment depths (Forster et al. 1999; Huettel
et al. 2014). With increased oxygen availability, the metabolic activity and remineralization
within the sediment (Kristensen et al. 1995; Aller et al. 2001) will be enhanced. Therefore
the deeper oxygen penetration is expected to have a strong influence on the organic matter
mineralization in the sediment (Huettel et al. 1996; Forster and Zettler 2004; Jahnke et al.
2005; Janssen et al. 2005a).
Oxygen is a good indicator for organic matter mineralization. To estimate organic mat-
ter mineralization and activity of sediments, one common measure is the total oxygen up-
take (TOU). The TOU includes all processes involving bacterial and animal oxygen uptake
(Jahnke et al. 2000; Woulds et al. 2007; Glud et al. 2016), photosynthetic processes during
the day, oxygen uptake by phytoplankton and potential increased oxygen uptake due to ad-
vective processes. TOU as used in this study always refers to the total uptake rate including
all processes/ organisms within the sediment.
The transport of oxygen into the sediment depends on its permeability. However, this
transport in permeable sediments is dependant not only on permeability, but also on current
velocity in the overlaying water at the sediment surface. Especially the interaction with the
topography of the sediment surface has a strong influence on the porewater exchange (Precht
and Huettel 2003b; Santos et al. 2012). Advective, physically driven transport across the
sediment-water interface is caused by the pressure gradients which result from the interac-
tion of currents with the seafloor topography. Physical structures, such as ripples, influence
advective transport and matter exchange across the sediment-water interface through interac-
tions with currents and waves (Rusch and Huettel 2000; Huettel and Webster 2001). Ripples,
for example, interact with the overlaying currents, resulting in a pressure gradient as the dy-
namic pressure is high in the ripple troughs and low on the crests (Huettel and Gust 1992a,b).
These pressure gradients lead to the pumping of water through the sediment pores supplying
oxygen to the microbial communities (Boudreau et al. 2001) at the high pressure sites and on
the other hand removing reduced material such as dissolved nutrients where the pressure is
low. High turbulence, currents and near-bottom oscillatory wave motions are thus the major
drivers of O2 exchange in permeable sands (Huettel et al. 1996, 1998; Precht et al. 2004;
Janssen et al. 2005a,b).
Advective and diffusive conditions can be artificially induced using specific benthic cham-
bers. Several benthic chamber designs exist, but to induce a porewater flow similar to pore-
water flow paths occurring in connection with ripples, a chamber needs to be equipped with
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a specific stirring disc as originally introduced by Huettel and Gust (1992a) (Janssen et al.
2005b). Porewater flows simulated in these chambers imitate either diffusive or advective
porewater flow pathways.
Advection may also transport particulate organic matter into the sediment and make it
available to benthic microbial communities (Huettel et al. 1996). As heterotrophic micro-
bial communities gain energy by the oxidation of organic carbon, the metabolism is not
solely changed by the availability of oxygen as most favourable final electron acceptor, but
is also strongly dependent on the availability of organic carbon. Labile C is the most impor-
tant source for bacterial respiration (Eyre and Ferguson 2005). If enough organic carbon is
available in the sediment, bacterial respiration increases with increased oxygen supply. Sed-
iments in the Baltic Sea are quite variable in their organic content and values range from 0.1
- 16% dry weight (Premuzic et al. 1982; Leipe et al. 2011). Deep muddy basins have higher
contents of organic carbon compared to shallow sandy sites (Leipe et al. 2011).
Generally sandy sediments are located in regions of strong hydrodynamic forcing where
limited settling of organic matter takes place. The advective process driven by hydrodynamic
forcing is thus important for the supply of oxygen and nutrient rich water to the microbial
communities in sediment which is naturally deprived of sedimenting organics. Metabolic
activity of the microbes is thus elevated. Microbes in the sediment mainly live attached to
sand grains and only a few percent live in the porewater (Rusch et al. 2003). Sand is under
strong hydrodynamic forcing, subject to frequent movement and all flat surfaces are subject
to mechanical abrasion (Miller 1989). Therefore, microbes in the sand mainly live in the
micro environments of cracks and depressions of sand grains (Nickels et al. 1981). Water
which is transported into the pore spaces also provides these micro environments with oxy-
gen. However, in case of the micro environments and in close proximity to the bacteria, the
final transport to the microbial cell is governed by diffusion. The microbial reaction is thus
dependent on the strength of the concentration gradient between the porewater bulk and the
bacterial cell surface and hence on the strength of the flow of porewater advection supplying
consistently high oxygen concentrations to this local environment. The oxygen uptake of the
sediment depends on the speed at which the porewater advects into the sediment. Microbial
reactions in dependence of porewater flow have been studied in the past with flow-through
reactors (Rao et al. 2007; Marchant et al. 2014; Ahmerkamp et al. 2017). To comprehen-
sively analyse the oxygen uptake of sediments, both, the difference between diffusion and
advection based processes and the influence of the strength of porewater flow rates within
the sediment need to be considered.
Advective and diffusive processes differ and so does the expected oxygen distribution
and uptake by microbial communities as measured with benthic chambers. The oxygen up-
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take measured as a concentration change in the water column is influenced by the microbial
oxygen uptake, the phytobenthic oxygen production during the day and the distribution of
oxygen as influenced by the diffusive and advective process. The expected difference for the
different processes is depicted in Figure 1. For the advective process a stronger measurable
oxygen uptake is expected at night and a lower measurable oxygen concentration increase
during the day compared to the diffusive process, as most oxygen produced by phytobenthos
would be transported and taken up in the sediment. For the diffusive process less oxygen
uptake during the night is expected and a resulting higher oxygen concentration increase due
to phytobenthos production during the day.
Figure 1: For the advective process the expected higher oxygen supply to the sediment is depicted by thick
blue arrows and the resulting increase in oxygen uptake is depicted by a thick black circle. The theoretically
smaller transport into the sediment in a diffusive process is depicted by thin blue arrows. The resulting lower
bacterial uptake for the diffusive process is depicted by a smaller and thinner black circle.
Factors influencing transport and matter cycling at the sediment water interface are of
physical and biological nature. Macrofauna produce mounts and tubes in the sediment which
influence the seafloor topography additionally to wave generated ripples. Macrofauna (e.g.
polychaetes) additionally induces currents creating advective conditions in their tubes. Kris-
tensen et al. (2012) summarized the process of burrow or sediment flushing (exchange of
dissolved substances between the porewater and overlying seawater) and mixing of sedi-
ments as bioturbation. If wanting to understand TOU in more detail, the effects of fauna
on oxygen uptake, by respiration and transport of oxic water, need to be considered as well.
Respiration of macrofauna and other species is influenced by the size of individuals (Seibel
2007; White et al. 2006) and abundance of species. The knowledge on the distribution of
macrofauna within the studied area is thus of strong importance as higher abundance may
have a stronger effect on oxygen uptake.
For the estimation of in situ effects on TOU one has to calculate the respiration of each oc-
curring macrofaunal species and additionally its influence on bacterial sediment respiration
by the increased oxygen supply into the adjacent sediment due to burrow ventilation or sed-
iment flushing. Respiration can be calculated for some species (e.g. polychaeta (Braeckman
et al. 2010)), while there are no trustworthy calculations for other species yet (e.g. M. are-
5
1. Introduction
naria). In order to understand the TOU, the respiration of each macrofauna population and
their indirect effects on oxygen uptake in the adjacent sediment would have to be estimated
along with diffusive and advective uptake. The respiration of each species and the influence
on bacterial sediment respiration associated with macrofauna, has so far only been calculated
for some species under specific conditions (Kristensen et al. 1985; Renz and Forster 2014).
Figure 2: View of the study area (Photo: Dr. Lars Tiepolt).
All processes were studied in an area covered by sandy sediments. The investigated
area (Figure 2) was located in the Southern stretch of the German Baltic Sea coast east of
Warnemu¨nde (54° 13’ N; 12° 9’ E). The area is characterized by a protected local fen on the
land side (490 ha, UmweltministeriumMecklenburg-Vorpommern 2003) which stretches out
into the marine site. The area originated from the Littorina transgression (∼8000 years BP)
when the fen area was still larger. This area has faced some coastal erosion in the past. This
erosion is visible as peat crops out in the shallow part of the marine site. The water depth
on the marine site is <10 m and salinity ranges from 10 - 15 (Zettler et al. 2007). Next to
rare areas of peat cropping out in the shallow parts, the marine site is characterized by sandy
bottom with some occasional hard bottom. The marine site is mainly covered by sand and the
area belongs to 20% of the German Baltic Sea where sediments consists of rest sediments
(coarse to medium sand) to medium sediments (Al-Hamdani et al. 2007, http://bio-50.io-
warnemuende.de/iowbsa/index.php).
Currents influencing the advective transport into the sediments have not been measured
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yet in the study area. However, estimations and measurements in areas close by show cur-
rents due to inflow events to range up to 0.7 m s−1 (Burchard et al. 2005, 2009).
Species diversity and number is lower in this area compared to fully marine waters (Bons-
dorff 2006; Zettler et al. 2007, 2014; Vuorinen et al. 2015) as salinity ranges from 10 - 15.
Studies defined the benthic community in this area as a Hydrobiidae, Pygospio and Cerasto-
derma glaucum community based on abundance data. However, based on biomass data the
community is defined as H. diversicolor,M. arenaria, Hydrobiidae and C. glaucum commu-
nity (Gogina et al. 2016).
Generally processes in sandy sediments have rarely been studied. We chose a study area
where neither the sediments, nor the processes have been studied until now. The investigated
area served as a model area in order to gain further knowledge and understanding of the
processes controlling the TOU in sandy areas. This includes improved knowledge on the
macrofauna respiration and its influence. To gain further understanding on the processes and
interaction in sandy sediments, we additionally applied laboratory studies.
The main objectives of this work are to
1. investigate the sediments, its properties and the currents within the study area,
2. investigate the oxygen uptake rate of sediments and the influence of different processes
on this parameter ex situ and in situ, and
3. investigate the most influential macrofauna and estimate their respiration rates includ-
ing the establishment of a reliable approximation for respiration rates forM. arenaria.
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2 Methods
2.1 Characterization of the study area
The chosen study area was located east of Rostock, Warnemu¨nde at the Baltic Sea coast.
Water depth in the area ranged from 0.5 m to 6.5 m (Table A.2, Figure A.1).
Figure 3: Map of the study area including all sampled stations of this study. Three benthic chamber de-
ployments marked in red; the position of the current profiler (AWAC) marked in blue (https://www.flopp-
caching.de/; Google Maps).
For a first characterization of the study area, the following parameters were analysed:
sediment characteristics, current and wave patterns and macrofauna abundance. Methods
used are described in the following subchapters.
Sediment samples were taken for the study area characterization and always again for
each in situ deployment or lab incubation. Methods for sediment characterization were al-
ways identical and are thus described only once (Chapter 2.1.1).
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2.1.1 Sediment characteristics
Sediments were sampled on several occasions (Table A.1) at 15 stations (Figure 3) within
the study area (station locations Table A.2). Stations were chosen from a sampling grid used
within the project with 50 stations in total (Figure A.1). Stations were located at 50 m, 550 m
or 1050 m distance towards the shore. All stations sampled in April were analysed for grain
size analysis, porosity, loss on ignition (LOI), chlorophyll a (chl a) content and permeability
(k). At each station a minimum of 4 cores (∅ 36 mm) were taken. All sediment cores were
sampled by divers, if not indicated otherwise. Samples for C:N analysis were taken in July
and October 2016 in the study area (7 of the 15 stations). Samples were used from either
date (July or October) depending on available material (Table A.1).
For grain size distribution in the study area approx. 100 g sediment were weighed and
rinsed through sieves with 1000, 500, 250, 125 and 63 µm mesh size. The bottom of the
sieves was covered with aluminium foil to retain any grains passing the mesh during the
drying process. Sieves were dried (18 h; 60°C) and weighed again to obtain the weight of
sediment in relation to each mesh size. Weight of grains <63 µm was estimated through
subtraction of the cumulated weight (all size fractions) from the initial dry weight of the
sediment used in the analyses. The percentage in weight for each size fraction, the median
and sorting degree were calculated according to Folk and Ward (1957).
For analysis of the organic content, water content and porosity, three replicates of a spe-
cific volume were used (1, 3 or 5 cm3). Water content was estimated through wet weight
(WW) and dry weight (DW, 18 h; 60°C) and measured in % of total WW. The porosity
Φ was calculated from the weight difference before and after drying. Density of water in
g cm−3 was defined according to measured temperature and salinity during the measure-
ment. For the sediment grains, a density of 2.65 g cm−3 was assumed (quartz sand). The
organic content (loss on ignition, LOI) was then calculated using the ash free dry weight
(AFDW, 16 h; 500°C). In the Baltic Sea approximately 40% of all organic material (LOI)
can be assumed to be organic carbon (Leipe et al. 2011).
Chl a was always measured using a fluorometer (TD 700, Turner Designs). 1 cm3 of
sediment was dissolved in 9 ml acetone, shaken vigorously, extracted overnight in the fridge
and centrifuged (4000 g, 2 min). The supernatant was then measured. The supernatant
was diluted further, if values were out of calibration range. 125 µl 1 N HCL were added
to each sample after the 1st measurement and the supernatant was then measured again to
calculate the chl a content without phaeopigments. Chl a content in the study area was always
measured as sediment profile/ depth distribution with 0.5 cm steps until 3 cm sediment depth,
followed by 1 cm steps until 10 cm sediment depth and 2 cm steps >10 cm sediment depth
until the max depth.
The distribution of chl a as an average chl a value at each station was related to a geo-
graphical pattern. Differences in chl a values were analysed with regard to distance to the
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shore (50 m; 550 m or 1050 m) with a PERMANOVA and a pairwise multilevel comparison
in R Studio. In this case, distance was tested for significant influence on chl a content. Dis-
tances were then compared using a pairwise multilevel comparison. The influence of water
depth on chl a values was tested using a regression analysis. Each chl a value for a specific
sampled sediment depth (e.g. 0 - 0.5 cm) at each station was tested against the water depths
of the station.
Permeability at each station was measured with the falling head method after Head (1982)
using cores with 36 mm in diameter. Permeability was measured for three sediment depths
(5, 10 and 15 cm) if enough material was available (if not less depth steps were measured).
As the exact depth of 5, 10 or 15 cm was not always possible to be sampled, the exact
sampling depth was measured, noted and permeability was calculated according to that spe-
cific depth. For simplification reasons permeabilities were depicted in 5 cm steps (Figure 9,
Figure 27) and exact core lengths are given in Table A.3.
C:N was analysed using a C:N elemental analyser (NC2500, CE Instruments). For the
C:N measurements, either a suspension of 18.15 ± 3.5 g of sediment was filtered through
pre-weighed filters or sediment was not filtered. If filtered, filters were analysed and C and
N content was recalculated with the original weight accordingly. If not filtered, 92.63 ± 6.61
g of sediment were mortared and subsequently measured in the C:N analyser.
2.1.2 Current patterns
To analyse the wave and current patterns in the study area, an Acoustic Wave and Current
Profiler (AWAC, Nortek AS) was placed with divers at 54° 13.422 N and 12° 9.379 E (Figure
3) from 17th of April 2017 until 09th of October 2018. Data were continuously logged.
The profiler was removed from the field, cleaned in the lab and data were transferred to
a computer every three to five months. Measurement settings were set as follows: Profile
interval: 300 s; Number of cells: 24; Cell size: 0.25 m; Average interval: 240 s; Blanking
distance: 0.40 m; Number of wave samples: 1024; Wave interval: 1800 s; Wave sampling
rate: 2 Hz; Compass update rate: 300 s and Salinity was set to 12.
Velocities were calculated by Nils Karow (unpubl. data) from the wave parameters ac-
cording to stokes’ law third order theory (Stokes 1847).
2.1.3 Macrofauna abundance
For the macrofauna distribution, 3 replicate samples were taken at 5 of the 15 stations: St
3, 13, 23, 33 and 43. Due to the shallow area and the impossibility of using heavy sampling
gear (e.g. a Van Veen grab), samples were taken by divers. A plastic ring with a diame-
ter of 20 cm was placed in the sediment and sediment down to 15 cm was shovelled into
a canister. The sand was then sieved in the lab through a 1 mm sieve and macrofauna was
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fixed in 4% formalin and stored until determination. Most macrofauna specimen were deter-
mined until species level, while some were identified to genus or family level (Cerastoderma
spp.,Marenzelleria spp., Gammarus spp., Bathyporeia sp., Littorina spp. and Nemerta spp.,
Hydrobiidae).
The differences in macrofaunal distribution between the stations was analysed with a
simprof and a non-multidimensional scaling analysis in R Studio. Data were fourth-root
transformed. As distance analysis the Bray-Curtis index was used.
2.2 Influence of flow on sediments
Influence of advective porewater flow on sediment metabolism was measured with ben-
thic chambers during in situ deployments (at three stations) and in the laboratory (for two
different sediment types).
To analyse the influence of advective porewater flow on the metabolism of the sediment,
the benthic chamber was calibrated by measuring the actual pressure differences applied on
the sediment under varying rotation speeds.
2.2.1 Benthic chamber
For respiration rate measurements in situ and ex situ, benthic chambers were used (Figure
4). A benthic chamber consists of an acrylic glass cylinder (referred to as chamber hereafter,
diameter = 19 cm; height = 32 cm) and a lid which closes the cylinder. A disc (diameter =
15 cm, thickness = 1 cm) is attached to a cylindrical plastic shaft which is attached through
the lid to a motor. Rotation of the disc can be controlled by the rotation speed of the motor.
The height of the rotating disc can be adjusted and thus the distance of the rotating disc to
the lid (and the distance to the sediment accordingly) is adaptable. The motor has two prin-
ciple settings. The disc can rotate in an alternating clock- and anticlockwise manner at short
time intervals and slow rotation speed (Figure 4.B). At this setting no pressure gradient is
induced and the exchange between sediment and overlaying water occurs only by molecular
diffusion without accelerated porewater flow. For an advective setting the disc can rotate in
one direction at different speeds (Figure 4.C). The faster rotation speed leads to an increased
porewater flow with increased oxygen supply into the sediment. This porewater flow resem-
bles the flow paths under ripples, as the dynamic pressure is high at the outer boundary of
the chamber and low in the centre. The motor can be power supplied either through a DC
Power Supply (in the lab) or through a battery (in the field). The rotation speed of the disc
can only be set prior to the chamber deployment, as the rotation speed needs to be set with
an external device.
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Figure 4: Benthic chamber A) In operation in the field B) Schematic drawing of the chamber under diffusion
condition changed after Meysman et al. (2006) C) Schematic drawing of the chamber under advection condition
changed after Meysman et al. (2006).
2.2.2 Calibration of the benthic chamber
To estimate the differential pressure (dp) between the centre of the chamber and the cham-
ber wall at the level of the sediment surface at different rotation speed settings, the benthic
chamber was calibrated prior usage. We therefore designed a false bottom with 9 holes (Fig-
ure 5.A); 4 holes each to the side of the centre with 2.1 cm; 4.2 cm; 6.3 cm and 8.4 cm
distance to the centre and one hole at the centre. The false bottom was coated with sand
to imitate a bottom roughness. To measure the differential pressure between the centre and
each hole to the side, the chamber was filled with water and the lid was closed. The dp be-
tween each of the holes on the radius and the center hole at the bottom of the chamber was
measured by connecting the outlets of the false bottom to a wet-wet differential pressure sen-
sor as used in Janssen et al. (2005b) (Figure 5.B). Differential pressure was measured with
increasing rotation speed (0 - 80 rounds per minute (rpm)) and for 6 cm, 8 cm and 10 cm
vertical distance of the rotating disc to the false bottom. Differential pressure increased with
decreasing distance of the false bottom to the rotating disc, with increasing rotation speed
(Figure 6 and with increasing distance to the centre (Figure 6.A).
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Figure 5: Schematic of the false bottom inserted into a water filled chamber to measure differential pressure
between each of the holes on the radius and the centre hole at the bottom of the chamber. A) top view of the
bottom disc B) side view of the bottom disc placed in the chamber
Figure 6: Differential pressure in the benthic chamber. A) Increase in differential pressure (dp) for r = 8.4 cm
compared to the centre of the bottom disc with increasing rotation speed (rpm) for 6, 8 and 10 cm distance
from the disc to the bottom; B) increase in dp for r = 2.1; 4.2; 6.3 and 8.4 cm distance from centre of the false
bottom at 10, 20, 30 and 40 rounds per minute.
The influence of rotation speed on the dp [Pa] was calculated for 8.4 cm distance between
the centre and the outermost sampling port. The resulting three equations for 6 cm (Equation
1); 8 cm (Equation 2) and 10 cm (Equation 3) distance of the rotating disc to the bottom of
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the chamber were used to calculate the applied dp in the experiments.
dp = 0.0023x2 + 0.0044− 0.0263 (1)
dp = 0.0021x2 + 0.006− 0.0767 (2)
dp = 0.0019x2 + 0.0018− 0.0121 (3)
2.2.3 Laboratory benthic chamber incubations
Sediments were incubated in benthic chambers in the laboratory from Feb to May 2017.
Incubations were performed either with sieved sediment (for medium grained sediment) or
undisturbed cores taken from the field into the lab (for finer grained sediment).
During the incubations oxygen uptake rates, an oxygen time course at different sediment
depths and micro-profiles, to obtain an oxygen penetration depth, were measured. For oxy-
gen uptake rates and an oxygen time course, the oxygen concentration in the overlaying
water and the porewater was logged constantly with an Optical Oxygen Meter (FireStingO2,
PyroScience). For oxygen uptake measurements, sensor spots were placed on the inside of
the lid in two (Warnemu¨nde) or 3 (Langenwerder 1 and 2) chambers. For oxygen time course
measurements, sensor spots were additionally placed at certain sediment depths on the inside
wall of one chamber (Warnemu¨nde, Langenwerder 2).
For the calibration of the Optical Oxygen meter, the lids were placed in 0% and 100%
oxygen saturated fresh water applying a two-point calibration. To gain 100% oxygen satura-
tion water was continuously air supplied, while oxygen depleted water was achieved by the
addition of Sodium Dithiosulfate (Na2S2O4). Temperature and air pressure were measured
by the device itself. Salinity was set in the program and values were recalculated by the
system accordingly. To calibrate the sensor spots on the side of a chamber, the chamber was
filled with 0% or 100% oxygen saturated water and spots were calibrated accordingly.
For oxygen uptake measurements, the cores were closed off and the depletion of oxygen
in the water column was measured over time. Oxygen uptake [mmol O2 m
−2 d−1] in the cores
was calculated from delta O2 (∆ O2 [µmol l
−1] with regard to the volume of the overlaying
water (VH2O [l]), the area of the sediment (AS ed [m
2]) and the duration of the measurement.
For the oxygen time course measurement, oxygen concentration was logged constantly at
the specific sediment depth by the sensor spots.
Additional to oxygen uptake and the oxygen time course, micro-profiles of oxygen con-
centration in the sediment column were recorded in the cores for different rotation speeds.
Micro-profiles were measured with Clark-type electrodes (O2 micro sensor; Unisense) down
to ∼1.5 cm sediment depth or to the maximum oxygen penetration depth. For this measure-
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ment, the rotation of the disc was stopped and the lid was removed immediately to quickly
run micro-profiles in the chamber (thus resembling the profiles during the specific rotation
speed). Typically 17 ± 6 (max. 30) minutes passed between stopping the disc rotation and
the termination of the profile measurement. Cores were kept in a temperature controlled
aquarium for micro-profile measurements to assure a constant temperature during the mea-
surement.
Medium grained sediment was taken from the shallow shore in Warnemu¨nde in Jan 2017
(54° 10.707 N; 12° 3.419 E, Salinity 10; 4.4°C) (hereafter referred to as Warnemu¨nde). For
incubations with medium grained sediment, sediment was sieved through 1 mm and taken
into the lab. Here the sediment was placed in 3 cores until the distance of the sediment
surface to the rotating disc was 8 cm. The water volume in each core was 6.57 ± 0.04 l.
Cores were kept at 10°C in a temperature controlled aquarium.
For oxygen uptake measurements two of the cores were closed off and depletion of oxy-
gen in the water column was measured over time (x = 15 h). Oxygen in the water column
was constantly (one measurement every 5 min) logged via sensor spots below the chamber
lids.
For an oxygen time course at different rotation speeds and sediment depths, 4 sensor spots
were placed on the inside of one chamber wall at ∼0; 0.5; 1 and 1.5 cm sediment depth and
a constant oxygen time course was measured. Oxygen concentration was logged to follow
the oxygen concentration at each depth with changing rotation speed. Additionally several
micro-profiles were recorded at defined distances to the centre of the chamber (r = 2.1; 4.2;
6.3 and 8.4 cm) at different rotation speeds.
To assess the influence of potentially added organic substrate, 30 ml algae (SA/DTs Pre-
mium Blend Live Marine Phytoplankton, coralsands) were added to each core. After three
days the overlaying water was replaced by fresh seawater (temperature and salinity kept con-
stant) and oxygen consumption, an oxygen time course and micro-profiles were measured
again.
Permeability, chl a and grain size parameters were measured after the experimental run.
Cores for finer grained sediment were taken from in situ at Langenwerder in April and
May 2017 (54° 01.517’ N; 11° 28.964’ E; 13.3 Salinity; 8.2°C in April; 13.5 Salinity, 14.7°C
in May) (hereafter referred to as Langenwerder 1 and 2), transferred to the lab and kept at
15°C in a temperature controlled aquarium. Four replicate cores were taken and the oxygen
concentration in the overlaying water was constantly (every 5 min) measured in three cores.
The height of the rotating disc was adjusted to ensure a distance of approx. 8 cm between
sediment surface and rotating disc. The water volume in each core was 6.58 ± 0.9 l. For
oxygen uptake rate measurements the cores were closed off and depletion of oxygen was
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measured over time via optodes (Langenwerder 1: x = 16 h; Langenwerder 1: x = 14 h).
For an oxygen time course measurement (as in Warnemu¨nde), sensor spots were glued
to the inside of one chamber wall (Langenwerder 2) at 0.8 and 1.3 cm sediment depth. An
oxygen time course measurement was not possible for Langenwerder 1 as the sensor spots
on the inside wall were destroyed during sampling of the core.
Several micro-profiles were recorded at defined distances to the centre of the chamber (r
= 2.1 and 8.4 cm).
Permeability, chl a and grain size parameters were measured after the experimental run.
All cores were sacrificed after each experiment and sieved through 1000 µm to extract ani-
mals inside the cores. Macrofauna was stored in 4% formalin until analysis.
Oxygen uptake data were tested for outliers with a stem-and-leaf-plot in SPSS (IBM
Analytics) and one outlier was excluded from the results.
2.2.4 In situ benthic chamber incubations
Benthic chamber in situ deployments were conducted from July 24 - 31 2017 (St 23 and
41) during a cruise of the research vessel Elisabeth Mann Borgese (EMB 160) and from
August 27- 28 2018 (St 13) in a combined mission of the “Klaashahn” (catamaran, IOW)
and “Gadus alpha” (zodiac, University Rostock). Temperature during the deployment ranged
between ∼17°C at St 23, ∼16°C at St 41 and ∼19°C at St 13.
Background sediment values (grain size, porosity, organic content, carbon content, nitro-
gen content, chl a, permeability) were assessed in triplicates (36 mm ∅), sampled directly
next to the benthic chamber deployments. Additional perforated cores (10 cm ∅) were taken
to assess porewater nutrient profiles in the sediment. Porewater was sampled at different
sediment depths (0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14 cm) using specific filter elements (rhi-
zons, Rhizosphere). Using rhizons, samples did not have to be filtered. One additional water
sample for the analysis of nutrient concentrations was always taken from the water column
and filtered through a 45µm GFF Filter. For nutrient determinations (Phosphate; Nitrate;
Nitrite; Ammonium; Silicate) sampled water was kept cool at 5°C until it was analysed with
an AutoAnalyser by C. Burmeister (QuAAtro, Seal). At St 13 samples had to be frozen until
further analysis. Analytical methods were based on Grasshoff et al. (1999). Methods were
adjusted according to the protocoll by Seal and phenol was additionally replaced by sodium
salicylate. Detection limits differed between water and porewater samples. Limits for water
analysis were: PO4
3−: 0.1; NO3
−: 0.5; NO2
−: 0.05; NH4
+: 0.5 and SiO2: 1 µmol l
−1, while
limits for porewater analysis were: PO4
3−: 0.25; NO3
−: 0.5; NO2
−: 0.1; NH4
+: 1.5 and
SiO2: 2 µmol l
−1. Limits could slightly vary due to the dependency on the calibration and its
resulting setting for the photometer. Porewater samples were sampled in quadruplicates. All
replicates could be used at St 13, unfortunately 3/4 of replicates were lost at St 41 and 23.
Chl a was converted into organic carbon in the results to compare values to measured
17
2. Methods
carbon values assessed with different methods (e.g. LOI). For the conversion a carbon to
chlorophyll ratio of 50 was assumed. This ratio is usually subject to variation, however 50
ranges within published literature values (Banse 1982; Riemann et al. 1989; Cloern et al.
1995; Sathyendranath et al. 2009).
In order to measure community O2 production and uptake, benthic chambers (Figure 4)
were deployed by scientific divers in duplicates (2 diffusion chambers; 2 advection cham-
bers) at St 13, St 23 and St 41. The chambers were inserted into the sediment as deep as
possible or until the distance between the rotating disc and the sediment was 8 cm (result-
ing distance between the rotating disc and the sediment surface 8 - 12 cm). Insertion depth
was noted in triplicates at three different positions on the outside of the chamber to calculate
the water volume in the chamber. The motor of each chamber was connected to a battery
placed in a water-tight housing, located next to the chambers. Each lid was equipped with a
sampling port where two tubes were inserted into the lid. Upon sampling, the sampled water
volume (3 x 80 ml) was taken out of the chamber through one tube while the same amount
of water entered passively through the second tube. This prevented porewater entering the
chamber through the bottom. The stirring disk rotated at two different settings for advection
or diffusion setting. For a diffusion setting (Figure 4.B) the disk rotated in an alternating
manner at 10 rpm clock- and anticlockwise to mix the water column above the sediment
without inducing advective influence. For the advection setting (Figure 4.C) the disk rotated
at 45 rpm to induce advective porewater flow into the sediment. Dp for the advection setting
was calculated according to the distance between the rotating disc and the sediment with the
equation gained in the chamber calibration (Chapter 2.2.2): St 41: 4.2 Pa; St 13: 3.9 Pa; St
23: 4.4 Pa.
The chambers were placed at St 13 for one day- (D1) and night cycle (N1); at St 23 for
one day (D1) and two night cycles (N1, N2) and at St 41 during two consecutive day- (D1,
D2) and night cycles (N1, N2). During the night cycles the chambers were covered with a
light impermeable foil in order to inhibit photosynthetic O2 production. Between a day and
night cycle, the lid of each chamber was lifted to introduce fresh water into each chamber.
The chambers were placed on the same station but at a slightly different location for a second
day and night cycle. The incubation treatment covered a day period of roughly 5 h, starting
around 09:53 AM (± 6 Min) to 2:53 PM (± 10 Min) and a night period lasting 18 h from
3:46 PM (± 36 Min) to 9:35 AM (± 10 Min)).
For O2 and nutrient concentration determinations, 3 x 80 ml of chamber water was sam-
pled with a syringe through a valve on top of each chamber.
O2 concentration in the chambers was determined by Winkler titration (Winkler 1888) at
the start and end of each day- / night cycle in triplicates. Two syringes were immediately
(max 15 minutes after sampling) emptied into ∼30 ml Winkler bottles on board the zodiac
(or catamaran) accompanying the divers and fixed with MnSO4 as well as alkaline potassium
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iodide solution. Samples were kept dark and transferred to the EMB on-board laboratories or
home laboratories where the samples were processed within 24h. Oxygen uptake was then
calculated using the O2 concentration decrease over time. O2 concentration in the chambers
at St 13 was additionally monitored constantly (every 5Min) with HQD sensors (Hach Lange
GmbH).
For nutrient determinations in the overlaying water of the chambers (Phosphate, Nitrate;
Nitrite; Ammonium; Silicate), sampled water was filtered through a 45 µm GFF Filter and
kept cool at 5°C until it was analysed with an AutoAnalyser by C. Burmeister (QuAAtro,
Seal). At St 13 nutrient samples had to be frozen until further analysis. Most concentrations
of nitrate and nitrite were below the detection limit and thus nitrate and nitrite were excluded
for further consideration.
Oxygen uptake [mmol O2 m
−2 d−1] in the cores was calculated from delta O2 (∆ O2
[µmol l−1]) with regard to the volume of the overlaying water (VH2O [l]), the area of the
sediment (AS ed [m
2]) and the duration of the measurement.
Oxygen uptake and nutrient fluxes were analysed for difference between the diffusion and
advection setting with a t-test and aWilcoxon Rank Sum test (R Studio) for each station. Ad-
ditionally oxygen uptake and nutrient fluxes were tested for the differences between stations
for day and night cycles separately. Data which were normal distributed (oxygen flux, day-
and night cycle; ammonium and phosphate flux, day cycle) were tested with an ANOVA. If
not normal distributed data were transformed to achieve normal distribution (Silicate, night
flux; ammonium, night flux) and tested with an ANOVA. Data without normal distribution
were tested with a kruskal Wallis test (Silicate, day flux; Phosphate, night flux). All data
with significant differences between stations had homogeneous variances. To analyse the
relationship between oxygen uptake at night and production at day, a regression analysis was
performed for each station separately but also for all replicates of all stations where day and
night data pairs existed (R Studio).
2.2.5 Microbial volumetric oxygen consumption depending on flow
Microbial volumetric oxygen consumption depending on flow was measured in different
flow-through experiments (FTEXP 1 - 4). Experiments differed in sedimentary parameters
and in treatments applied (Table 5). Experimental conditions of the 4 flow-through experi-
ments can be found in Table 5 and are described below. Sedimentary parameters were always
assessed after and/ or before the experiment (Chapter 2.1.1). Nutrients were always measured
during the experiment as background parameters (Table A.9). Nutrients were measured as
explained in Chapter 2.2.4.
The basic system for all flow-through experiments was equal. The flow-through adjustion
was partly based on the principle after EdmeMariotte (theMariotte bottle), the final flow-rate
was adjusted with little screws on each supplying tube (Construction Figure 7). Each core
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was connected to a header tank, which was filled with seawater. Three header tanks were
used and 4 - 6 cores were connected to each header tank. The water ran from the header tank
through supplying tubes into each core and through those into a catch basin (Figure 7). In
the catch basins the water was aerated and pumped back into the header tanks 1- 2 times per
day.
Oxygen concentration was measured using self-made flow-through cells equipped with a
sensor spot and connected through optical fibres to an Optical Oxygen Meter (FireStingO2,
PyroScience)). Oxygen concentration was measured in the outflow of each core and addi-
tionally in a separate outflow of the header tanks (for the oxygen concentration in the header).
6 cores could be measured simultaneously. The channels were interchanged several times
per day to measure all cores and existing header tanks.
The delta between oxygen concentration in the inflow and oxygen concentration in the
outflow was the oxygen consumption of each core (∆ O2 [µmol l
−1]). All volumetric oxygen
consumption rates (R [µmol l−1 h−1]) were then calculated according to Equation 4, with the
oxygen consumption rate related to the flow [ml min−1] and the sediment volume (VolS ed
[l]). Plug flow [cm h−1] was calculated according to Equation 5, with the flow related to the
sediment area (AS ed [cm
2]) and the porosity of the sediment (Φ).
R =
∆ O2 ∗flow
VolS ed
∗ 60 ∗ 1000 (4)
Plug flow =
flow
AS ed ∗Φ
∗ 60 (5)
Sediment cores which were used were of a diameter of 36 mm (FTExp 1 and 2) or 64 mm
(FTExp 3 and 4). Water was always taken offWarnemu¨nde and kept in a storage tank in our
laboratory prior usage (acclimated to 15°C). All experiments were run at 15°C.
FTExp 1 was conducted with three sediment types (W, Warnemu¨nde; S, Schnaterman
and W/S, a mixture of both other types. In FTExp 1 all oxygen consumption rates were
measured in dependence of flow (Plug flow = 10 - 60 cm h−1). Flow rates were always
adjusted similar for all cores. After measurements of oxygen consumption rates for each
sediment type, glucose was added to each header tank. After the addition of glucose oxygen
consumption was again measured in dependence of flow. Permeability was measured before
and after the experiment to assess any change due to the addition of glucose. Seawater used
during this experiment had a salinity of 13 (W), 12 (S) and 11 (W/S).
For determination of the glucose concentration (or the amount of added glucose to the
header tanks), 1 ml of seawater samples from the header tanks were centrifuged at 3000 x
g for 3 min at room temperature. The supernatant was separated and used for glucose mea-
surements. Glucose concentrations were measured using the phenol-sulfuric acid method
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by Masuko et al. (2005). Samples or glucose standards (100 µl) were mixed with 300 µl of
concentrated H2SO4. Immediately 60 µl of 5% phenol were added. Samples were incubated
for 5 min at 90°C and then cooled. Absorbance was measured at 492 nm using a SpectraMax
M2 microplate reader (Molecular Devices GmbH, Biberach-an-der-Riß, Germany). Glucose
was then calculated according a calibration curve.
Cores in FTExp 2 contained one sediment type (AWAC) and flow rates were adjusted
for each header tank separately (slow (Plug flow = 12 – 19 cm h−1), medium (Plug flow =
37 – 46 cm h−1) and fast (Plug flow = 31 – 62 cm h−1)). Basic oxygen consumption rates
were measured in dependence of flow. 0.5 ml algae (SA/DTs Premium Blend Live Marine
Phytoplankton, coralsands) were then added to each header tank. Oxygen consumption was
measured again in dependence of flow (with different flow rates adjusted for each header
tank) after the addition of algae. Permeability and C:N values were measured after the ex-
periment. C:N values were measured for 0 - 1 cm sediment depth and 4 - 5 cm sediment
depth (to assess the formation of a potential biofilm). Permeability was measured several
times on several days to assess the temporal development of permeability after the addition
of algae. Water used during this experiment had a salinity of 11 for all header tanks.
In FTExp 3 and in FTExp 4 DOC was added instead of algae. For DOC, frozen macroal-
gae were ground with a mortar and pestle and a certain amount of this mush was filtered
through a 45 µm filter and stored in a -18°C freezer until usage. Macroalgae used were taken
from the beach and not further determined. The DOC content of the produced DOC stock
could not be measured prior addition, so the amount of addition could only be measured in
ml. The DOC stock was reproduced several times and differed in concentration every time it
had to be renewed.
In FTExp 3 sediment used was the same as sediment used in FTExp 2 (AWAC). In FTExp
3, 6 cores were supplied by one header. Basic oxygen consumption rates were measured in
dependence of flow (Plug flow = 5 – 24 cm h−1). After the measurement of basic oxygen
consumption rates, 400 ml of the DOC stock was added to the header (containing 50 l of
seawater) and oxygen consumption was measured again in dependence of flow. Seawater
used in this experiment had a salinity of 15. For the measurement of DOC concentration
(before and after the addition of DOC to the cores), a sample of 20 ml was taken from
the header tanks, filtered through a 45 µm filter and stored at -18°C until measurement.
DOC concentrations were measured according to the accredited methods of the IOW analytic
group according to Lysiak-Pastuszak and Krysell (2004) and HELCOM (2017).
In FTExp 4, sediment used was medium grained sediment offWarnemu¨nde (as in FTExp
1, W sediment). 3 cores were connected to each header tank. Basic oxygen consumption
rates were measured in dependence of flow (Plug flow = 4 – 24 cm h−1). After the mea-
surement of basic oxygen consumption rates depending on flow, DOC was added in different
amounts to the header tanks. Whilst one header tank was left as a control (C, without ad-
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dition of DOC), DOC was added to the second header tank (containing 30 l of seawater)
(II, high DOC, 400 ml) and half of the amount of DOC was added to the third header tank
(containing 30 l of seawater) (III; DOC, 200 ml). Oxygen consumption rates were measured
afterwards in dependence of flow (medium, fast, and slow). Seawater used in this experiment
had a salinity of 16. DOC concentrations were measured as in FTExp 3.
Figure 7: Flow-through cores in the lab, the principle of each core was depicted in the zoomed drawing.
Oxygen concentration was measured in the header and in the outflow of each core (indicated by O2).
2.3 Macrofauna respiration
Individual macrofauna respiration was calculated based on existing, published equations.
For some species an individual respiration weight relationship needed to be investigated to
calculate respiration rates.
2.3.1 Respiration of M. arenaria
For1 M.arenaria a respiration to weight relationship had to be determined prior to the
calculation of respiration rates for the community, as no reliable published equations existed.
Individuals ofM. arenaria were sampled at the Schnatermann (a shallow bay of the Warnow
river mouth, 54° 10.36500 N; 12° 08.48667 E) in Nov ‘16 to June ‘17 at 40 - 80 cm water
1This chapter was changed after Schade et al. (2019). Some paragraphs were taken from the published
article, all paragraphs taken from the article are marked with ””
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depth. Out of the dense Schnatermann population (250 - 1000 ind. m−2 (Forster and Zettler
2004), individuals ranging from 9 to 60 mm were collected for the size dependent respiration
measurements. After transportation to the lab, animals were acclimatized in 10 l aquaria in
the dark with a temperature of 5 or 15°C (± 1°C) depending on the temperature treatment
and at salinity 12 (± 0.6) for a minimum of 3 weeks. Salinity in the sampling area ranged
from 8.4 to 10.6 and temperature from 6°C to 17°C during sampling. During acclimation
animals were fed 3 times per week (DTs Phytoplankton Premium Reef Blend, Sustainable
Aquatics©).
In total 68 bivalves were measured from May to July ’17 subsequently in groups of three
(experimental runs), with always one individual per core (60 animals from 1 data set and
8 additional animals included for the 15°C from another data set). Individuals used for the
15°C respiration measurements had a shell-length of 9 - 60 mm and a shell-free dry weight
(SFDW) of 2.2 - 1239.8 mg. Individuals for the 5°C experiment had a SFDW of 3.8 - 1134
mg with a shell-length of 10 - 59 mm.
The difference of the weight-length relationship between both temperatures was tested
with an ANCOVA (data were normal distributed, for the weight-length relationship only one
data set was used).
Respiration rates were measured in four constantly mixed seawater-filled cores (acrylic
glass tubes, 10 cm diameter, 18 - 23 cm height), which were placed in a cooling basin, keep-
ing the water temperature inside the cores at 5 and 15°C. All cores were filled with sufficient
defaunated sand for animals to burrow, collected in the near shore zone offWarnemu¨nde and
overlaying seawater (water volume 687 ml ± 84 ml). The sediment from the sampling area
had an average grain size of 217 µm, a habitat suitable for M. arenaria as the bivalve occurs
generally more frequently in fine and median coarse sand (125-500 µm) (Forster and Zettler
2004). Importantly, the used sediment had a low organic content (0.09% DW ± 0.02%),
which assured a low microbial background respiration during the experiment. For a reduc-
tion of the amount of organic particles and thus the background respiration, potentially added
faeces and pseudofaeces was washed out for each measurement cycle and the sediment was
dried before addition to the following core setup.
”One animal was placed in each core and slowly covered with sediment. Three cores
were always measured at the same time. A fourth core was kept as a control with sand only.
Bivalves were fed one last time and then left to acclimatize at least 17 h prior to start of the
measurement. Temperature and salinity were controlled before and after each experimen-
tal run (5°C ± 0.45°C; salinity 12 ± 0.31 and 15°C ± 0.9°C; salinity 12 ± 0.64). Oxygen
consumption of the cores was measured for at least 28 hours in dark for each experimental
run. For this measurement, each core was closed and ensured to be bubble free. Oxygen
decrease was continuously logged with an O2-sensor spot placed inside each chamber and
optical fiberglass-cables using the software “FireStingO2” (PyroScience GmbH, Aachen,
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Germany). Temperature inside the cooling basin and air pressure were additionally con-
stantly logged with the software.”
Wet-weight (WW); shell-free wet weight (SFWW); shell-free dry weight (SFDW, 48h,
60°C) and ash-free dry weight (AFDW 10h, 500°C) were measured for most individuals.
AFDW could not be measured for some small individuals and was calculated according to
Rumohr et al (1987); the used conversion factor was 19.9% of dry weight (DW).
To calculate a SFDW to weight-specific (SFDW) respiration rate relationship for two dif-
ferent temperatures, data treatment was described in the paragraph below and some examples
of individual respiration rates were illustrated in Figure 8.
Figure 8: Examples of respiration rate measurements. Sediment is an example of a control sediment respira-
tion at 5°C with a disturbance time of 4 h (indicated by the vertical line). Ind 1 is an example of a concentration
decline of one individual at 15°C. Different activity phases were not introduced by a change in oxygen satura-
tion but resembleM. arenaria behaviour. Ind 2 is one of eight individuals measured at 15°C where the oxygen
saturation level dropped below 30% (indicated by the horizontal line) until the end of the measurement. These
individuals were excluded from calculation of weight dependent respiration. This graph was changed after
Schade et al. (2019).
The decrease in concentration was inconsistent at the beginning of the experiment (Figure
8) due to potential animal disturbance while placing the lid (Jørgensen and Riisgard 1988)
or other inconsistencies. An initial fast signal decline attributed to thermal and mechanical
disturbances of the animal and the respiration chamber setup was observed in most measure-
ments. The control sediment curve was an example of a control sediment respiration at 5°C
where the disturbance time lasted for 4 h. Even though disturbance time was only approx. 1
hour for most measurements; the initial 4 h were discarded from all measurements to keep
the data treatment constant. There was no limitation of oxygen as the oxygen saturation level
at this starting point after 4 h was 91.1 ± 3.6% of saturation (value at start: 100% ± 2%) in
all measurements used for the respiration rate calculation.
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The importance of integrating measurements over 24 h became evident, when looking at
Ind 1, which showed the concentration decline of one individual at 15°C. Activity phases
were not introduced by a change in oxygen saturation but resembled M. arenaria behaviour
(change in respiration rate at 92%, 67%, 61% and 51% oxygen saturation).
Generally bivalves change their respiration behaviour if oxygen is limiting (Pedersen
1992). Ind 2, Figure 8 shows one individual (of eight) measured at 15°C where the oxy-
gen saturation level dropped below 30% until the end of the measurement. The respiration
rate of this individual was constant down to 21% oxygen saturation, including a change in
activity phase observed at 89% oxygen saturation. Respiration rate measurements are often
carried out only down to 75 or 70% oxygen saturation (McMahon and Russel-Hunter 1977;
Lewis and Cerrato 1997; Lasota et al. 2014), however the measured data agree with Pedersen
(1992), who stated respiration rates to be stable down to 25% oxygen saturation. Measure-
ments where oxygen concentration at the end of the experiment fell below 30% of saturation
were discarded for the calculation of the weight-respiration rate relationship. Animals show-
ing no respiration over 24 h were additionally excluded from calculation (n=15).
”The oxygen consumption rate was calculated using Equation 6, with Ctot as the total
consumption, CS tart the start oxygen value [µmol l
−1], CEnd the end value [µmol l
−1], VC
the core volume [l] and t the measurement duration [h]. CS tart and CEnd were measured with
n = 3 individual O2 measurements with t = 24 h.
Ctot [µmol h
−1] =
(CS tart −CEnd) ∗VC
t
(6)
The respiration rate of each bivalve was corrected with the sediment oxygen consumption
of control cores (CControl [µmol l
−1]) (3.89 ± 2.32 mmol O2 m
−2 d−1) (Equation 7).
Ctot [µmol h
−1] =
(CS tart −CEnd) ∗VC
t
−CControl (7)
Weight specific oxygen consumption rate [mmol O2 d
−1 g−1] was then calculated using
the shell-free dry weight of each M. arenaria.”
As some sampling data only contain shell length data for individual bivalves, it is neces-
sary to calculate weight from shell length enabling a further calculation of weight specific
respiration rates. The data was used to calculate a length to SFDW relationship.
”The difference in respiration between the temperatures treatments was tested with a T-
Test (program RStudio version 3.4.4).”
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2.3.2 Respiration of Marenzelleria spp. and H. diversicolor
Respiration rates of Marenzelleria spp. and H. diversicolor were not measured but bud-
gets were calculated. For the calculations, necessary assumptions were made and respiration
budgets were calculated according to published literature.
For the respiration ofMarenzelleria spp. andH. diversicolor, the respiration of the worms
itself and the increase in bacterial respiration due to burrow wall oxygenation and radial dif-
fusion of O2 into the sediment needed to be estimated (Karlson et al. 2007). The respiration
of the polychaetesMarenzelleria spp. and H. diversicolor could be estimated with the equa-
tion for respiration of the polychaetes published by Mahaut et al. (1995) (Braeckman et al.
2010; Urban-Malinga et al. 2013). The influence of burrows produced by Marenzelleria
spp. was roughly estimated after Renz and Forster (2014) to be ∼80% of the total oxygen
uptake (respiration by Marenzelleria spp. and influence on bacterial oxygen uptake due to
burrows). For the estimation, Marenzelleria spp. was assumed to be either M. viridis or M.
neglecta due to the distribution of species where M. arctia is only found in the northern part
of the Baltic (Renz and Forster 2014). The influence of burrows by H. diversicolor could
be roughly be estimated assuming the respiration by the polychaete itself to be only ∼11%
of the total oxygen uptake change due to the occurrence of H. diversicolor after Kristensen
et al. (1985).
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3 Results
3.1 Sediments of the study area
Most of the sediment in the study area consisted of sand. Permeability in the upper 10 cm
of the sediment ranged from 1.36∗10−12 m2 to 113∗10−12 m2 (Figure 9) within the study
area, with the majority of stations being permeable. As indicated with a black threshold
line (Figure 9) only Station 33 was per definition impermeable when measured for 10 cm
sediment depth. Grain sizes in the study area ranged from 171 µm to 729 µm (Table 1);
defining the sediment in the area as a sandy site with sediment properties ranging from fine
to coarse sand (Wentworth 1922). The organic content ranged from 0.1 to 0.2% of DW, so
the whole study area showed a low organic content (Table 1). C and N content measured as
suspension on filters showed some variation within the study area. C content ranged from
0.5 to 4 mg g−1 sediment, N content ranged from 0.1 to 0.3 mg g−1 sediment and C:N ratios
varied from 5 to 37 (Table A.4).
Figure 9: Permeability in the study area with 2.5∗10−12 m2 as permeability threshold marked with a black line.
Green boxes mark the deployment stations and permeability’s measured again during deployment (described
in Chapter 2.2.4).
Chl a was sampled at 15 stations within the study area with different distances to the
shore (data in Table A.5, Table A.6 and Table A.7). Chl a concentrations ranged from 0.15 to
11.41 µg ml−1 with the highest values in the upper centimetres of the sediment and the lower
values in deeper sediment. Related to a geographical pattern, chl a values were analysed
with regard to distance to the shore (50 m; 550 m or 1050 m; Figure 10). Distance had a
significant influence on the chl a content (p <0.05), with 50 m being significantly different to
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Table 1: Summarized grain size analysis data for the study area. Grain size, porosity, permeability for 5 and
10 cm sediment depth and organic content at each station measured in the study area.
Station Grain Size
[µm]
Porosity Perm (5 cm) k [m 2]
*10−12
Perm (10 cm) k [m 2]
*10−12
Corg [%DW]
1 182.9 0.36 11.2 ± 1.4 10 ± 2.4 0.13 ± 0.01
3 186.5 0.37 11.7 ± 3.5 NA 0.13 ± 0.02
5 312.5 0.34 15.6 ± 1.1 12.4 ± 1.2 NA
11 279.8 0.34 7.6 ± 0.5 5.6 ± 0.7 0.12 ± 0.01
13 170.9 0.41 7.5 ± 0.7 5.6 ± 1 0.18 ± 0.01
15 318.6 0.34 17.4 ± 1.1 18.0 ± 1.2 0.15 ± 0.0
21 180.5 0.37 4.75 ± 0.9 7.9 ± 0.9 0.16 ± 0.01
23 251.1 0.38 13.9 ± 1.1 14.4 ± 1.8 0.13 ± 0.01
25 222.2 0.36 16.1 ± 1.5 16.1 ± 1.3 0.10 ± 0.0
31 188.3 0.37 72.4 ± 14.9 73.5 ± 11.1 0.09 ± 0.0
33 185.7 0.37 13.3 ± 0.7 1.6 ±0.6 0.17 ± 0.02
35 410.2 0.39 17.4 ± 1.4 17.4 ± 1.8 0.09 ± 0.01
41 363.7 0.36 31.8 ± 2.3 28.7 ± 2.3 0.18 ± 0.01
43 728.6 0.36 113 ± 10.2 NA 0.2 ± 0.04
45 176.9 0.4 12.4 ± 1.1 12.1 ± 0.9 0.11 ± 0.01
550 m. Generally stations with 50 m distance to the shore were shallower compared to 550
m and 1050 m (Figure 10). Chl a values at the deeper stations were ∼twice as high as at the
shallower stations.
To test for the influence of water depth (Table A.2) on the chl a content; a regression
analysis was performed in which the chl a content of each sediment depth (Table A.5, Table
A.6 and Table A.7) of each station was correlated with the respective water depth at the
stations. Water depth had a significant influence on the chl a content for all sediment depths
(Table 2), however R² ranged from 0.22 to 0.56 explaining less then half of the variation in
chl a content.
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Figure 10: Distribution of chl a in the study area at 50 m, 550 m and 1050 m distance of the sampled stations
to the shore.
Table 2: R2 for each the regression of each sediment sampling depth compared to water depth at the sampled
station. All regressions were significant.
Sediment depth [cm] p-value R2
0.25 0.00 0.42
0.75 0.01 0.27
1.25 0.00 0.39
1.75 0.00 0.36
2.25 0.00 0.38
2.75 0.00 0.42
3.5 0.00 0.41
4.5 0.00 0.54
5.5 0.00 0.56
6.5 0.00 0.48
7.5 0.02 0.25
8.5 0.03 0.22
9.5 0.01 0.31
3.2 Wind and currents in the study area
Waves in the study area were constantly monitored for over a year. Figure 11 summa-
rizes wave heights and frequencies at the monitored station. Waves measured during the
deployment were as high as 1.7 m and longest waves lasted up to 14 h. Smaller waves <0.5
m occurred frequently and also for longer periods of time up to ∼13 hours. Larger waves
<1 m also occurred less frequent and with shorter durations. Generally shorter durations of
wave periods were much more frequent than longer lasting waves of the same wave height.
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Boundary layer flow velocities under waves in the field ranged from 0 - 0.5 m s−1 (12). Fre-
quency of occurring velocities decreased with increasing velocity. Velocities <0.14 m s−1
were most frequent and constituted >70% of frequencies.
Figure 11: Frequency, duration and height of waves in the study area from April 2017 to October 2018 (Figure
by Xaver Lange).
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Figure 12: Frequency distribution of velocities within one meter above the sea bed from April 2017 to July
2017 (Figure by Nils Karow).
3.3 Oxygen uptake of coastal sediments
Oxygen uptake was measured in the laboratory with natural sediments piled up in cham-
bers, sediment cores taken from the field into the laboratory and in situ measurements. Oxy-
gen uptake was additionally measured as a function of flow and food enrichment in flow-
through cores with different sediment types.
3.3.1 Laboratory benthic chamber incubations
Measurements in the laboratory were conducted with medium and fine grained sediment
cores respectively to gain insight on the oxygen dynamics in different sediment types. Micro-
profiles were always measured at a specific distance to the centre (0, 2.1, 4.2, 6.3 and 8.4 cm),
they are referred to in the next paragraph with the rounded cm value only.
Permeability of the medium grained sediment was ∼2.4∗10−11 m2; grain size was ∼300
µm and the organic content was ∼0.09% DW.
The addition of algae to the overlaying water had no influence on the oxygen uptake (Fig-
ure 6). Oxygen uptake data were thus pooled and an average oxygen uptake value was cal-
culated for medium grained sediment. Micro-profiles for medium grain size were presented
exemplarily in Figure 14. The addition of algae had no effect on the oxygen penetration
depth.
Oxygen uptake in the chambers with medium grained sediment (n= 2) was 3.9 ± 1.5
mmol O2 m
−2 d−1 at a temperature of 8°C (Figure 15). Oxygen uptake was constant despite
the change in differential pressure from 0.2 Pa (lowest value) to 2.4 Pa (maximum dp). For an
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oxygen time course, oxygen was logged constantly at 4 different sediment depths within the
chamber. With increasing differential pressure the oxygen concentration inside the sediment
increased. Respectively, with decreasing differential pressure, the oxygen concentration in
the sediment decreased (Figure 13). Oxygen continuously decreased with increasing sedi-
ment depth. Oxygen concentration changes occurred parallel for all measured depths.
Micro-profiles measured for 10 and 45 rpm are shown here in Figure 14. At low dp the
oxygen penetration depth varied between 10 mm and 15 mm for measured profiles at the
centre, 2, 4 and 6 cm (Figure 14). For 8 cm, the penetration depth of oxygen increased to
>1.5 cm already at 0.2 Pa dp. With increasing dp, the oxygen penetration depth increased for
the profiles more distant to the centre of the chamber, while it decreased at the centre. For
0 and 2 cm, the oxygen penetration depth was only 4 mm at a dp of 2.4 Pa. For 4, 6 and 8
cm, the oxygen penetration depth was clearly >1.5 cm at a dp of 2.4 Pa. The oxygen micro-
profiles clearly fit to the constant time course at the side of the chamber with increasing
oxygen concentrations in the sediment with increasing dp.
Figure 13: Oxygen level measured at the side of the benthic chamber with medium grained sediment. Blue
points show oxygen values at different sediment depths; Red diamonds show the differential pressure applied
to the benthic chamber.
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Figure 14: Oxygen micro-profiles measured in the benthic chamber with medium grained sediment. A) oxy-
gen micro-profiles measured at 0.2 Pa dp (or 10 rounds per minute stirring speed) B) oxygen micro-profiles
measured at 2.4 Pa dp (or 32 rounds per minute stirring speed).
For the fine grained sediment, two runs (Langenwerder 1, n = 3 and Langenwerder 2, n
= 3) were measured at 16°C. Grain size for the first trial was ∼217 µm and for the second
∼182 µm. The organic content was ∼0.17% DW for both trials and the permeability was
∼7.5∗10−12 m2. For both trials oxygen uptake was independent of differential pressure. The
first run showed an oxygen uptake of 30.6 ± 2.6 mmol O2 m
−2 d−1 compared to the lower
oxygen uptake of 15.9 ± 3.6 mmol O2 m
−2 d−1 of the second run (Figure 15).
Figure 15: Oxygen uptake of Langenwerder 1 in light blue; of Langenwerder 2 in dark blue and of
Warnemu¨nde in grey/ black.
No visible change in oxygen uptake was observed when varying dp. Additionally the
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oxygen concentration in the sediment was unchanged. Figure 16 shows the oxygen concen-
tration at 0.8 cm and 1.3 cm sediment depth with increasing dp. The oxygen concentration
stayed constantly at ∼0 µmol l−1 independent of increasing differential pressure. The oxygen
micro-profiles agreed with this observation. The oxygen penetration depth varied from 6 to
8 mm for 0 and 8 cm at a high differential pressure of 4.7 Pa (Figure 16). In contrast to the
medium grained sediment, there was no visible change in the oxygen penetration depth, not
with increasing dp, nor with increasing distance of the measured profile to the centre.
Figure 16: Oxygen profile and micro-profiles inside the benthic chamber with fine grained sediment (from
Langenwerder). A) Blue points show the oxygen concentration at different sediment depths (oxygen concen-
tration at 0.8 and 1.3 cm sediment depth were constantly 0); Red diamonds show the differential pressure
applied to the benthic chamber. B) Oxygen micro-profiles were measured for Langenwerder 2 at 4.7 Pa dp.
TOU for Langenwerder 1 was observed to be twice as high as for Langenwerder 2. In
both trials the macrofaunal biomass was measured. The biomass of polychaetes was 10 times
higher for Langenwerder 1 (6.2 g m−2 ± 0.6 AFDW) compared to the Langenwerder 2 (0.9
g m−2 ± 1.5 AFDW). Biomass of bivalves (onlyM. arenaria) was 3 times higher in cores of
Langenwerder 1 (1.8 g m−2 ± 0.5 AFDW) compared to Langenwerder 2 (0.6 g m−2 ± 0.7
AFDW).
The calculated oxygen uptake due to the influence of the polychaetes was based on lit-
erature values (Chapter 2.3.2), oxygen uptake was 12.5 ± 0.9 mmol O2 m
−2 d−1, while the
oxygen uptake during the second run for the polychaetes was lower with 2.4 ± 3.3 mmol O2
m−2 d−1. The apparent calculated difference of ∼10 mmol O2 m
−2 d−1 is similar to the dif-
ference between those two runs (14.7 mmol O2 m
−2 d−1) and might indicate that macrofauna
influence in TOU accounts for most of the difference. The respiration of M. arenaria could
not be calculated as only the DW and the AFDW were taken while SFDW would be needed
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for the calculation.
3.3.2 In situ benthic chamber incubations
Benthic chambers were deployed at three stations in the field in July 2017 and August
2018. Comparing the sediment characteristics with sampling data in 2016, the sediment
characteristics were still similar (Figure 9). Permeability was lowest at St 13, ∼twice as high
at St 23 and highest at St 41 (∼5 times as high as St 13).
Regarding the C and N contents, C and N at St 41 were higher compared to contents at St
23 and St 13. St 41 was quite different compared to St 23, as C content increased constantly
with depth (2.9 mg g−1 for 0-1 cm depth, 9.1 mg g−1 for 9 - 10 cm depth, Table 3), while N
content stayed constant. N content was constantly ∼twice as high at St 41 compared to St
23. Regarding only the top cm, the C content at St 41 was 2.9 mg g−1 compared to 2 mg g−1
at St 23 or 2.16 mg g−1 at St 13, thus the content at St 41 was ∼1.5 times higher (Table 4).
While the organic content of St 13 and St 23 was comparable, it was considerably higher
at St 41. Organic carbon calculated due to measured chl a at the stations, showed a different
trend towards higher organic content at St 13 compared to St 23 and St 41 however, the
variation was quite high.
Table 3: C and N content at St 23 and 41 in depth profiles; SD for N values at St 23 was 0.0 for all samples.
Station 23 Station 41
Sediment depth [cm] C [mg g−1] N [mg g−1] C [mg g−1] N [mg g−1]
0 - 1 2.03 ± 0.13 0.09 2.92 ± 0.35 0.2 ± 0.16
1 - 2 1.15 ± 0.1 0.07 4.41 ± 1.28 0.21 ± 0.01
2 - 3 1.6 ± 0.13 0.06 5.01 ± 2.41 0.19 ± 0.01
3 - 4 2.23 ± 0.28 0.06 4.27 ± 0.25 0.20 ± 0.01
4 - 5 1.75 ± 0.21 0.06 4.65 ± 0.72 0.20 ± 0.00
5 - 6 1.95 ± 0.19 0.05 5.78 ± 0.52 0.21 ± 0.00
6 - 7 1.73 ± 0.06 0.05 6.21 ± 0.6 0.21 ± 0.01
7 - 8 NA NA 5.75 ± 0.18 0.23 ± 0.01
8 - 9 NA NA 6.46 ± 0.45 0.21 ± 0.01
9 - 10 NA NA 9.08 ± 0.99 0.19 ± 0.01
Additionally porewater nutrient profiles were measured (n = 4, Figure 17). Porewater
profiles showed a high variability between profiles at the same station. The high variation
measured at station 13 probably also existed at St 23 and St 41; however, at these stations
3 out of the 4 replicates ran dry before sampling and could thus not be used for porewater
profiling. All profiles were nevertheless similar between stations with a tendency of higher
nutrient values at the most impermeable station (St 13).
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Table 4: Sediment parameters as background values at St 13, 23 and 41. For permeability, Corg (LOI) and
Corg (chl a) measurements, n = 3. Station 13 was impermeable when measured over 15 cm sediment depth;
Corg from C:N analysis was based on the average value for St 41 and 23 (0-10 cm). Carbon increased with
depth at station 41 (Table 3) resulting in the high standard deviation when averaged; Corg calculated from chl
a values was calculated for the top centimetre only.
Station Grain
size [µm]
k (5 cm)
[m2] *10−12
k (10 cm)
[m2] *10−12
Corg [mg m−2]
(C:N analyser)
Corg [mg
m−2] (LOI)
Corg [mg
m−2] (chl a)
St 13 166 6.43 ± 1.71 4.63 ± 1.46 3393 ± 131 2195 ± 254 509 ± 106
St 23 213 15.9 ± 3.34 11.0 ± 0.13 3191 ± 675 2304 ± 61 431 ± 116
St 41 543 37.5 ± 12.2 31.0 ± 0.097 8609 ± 2950 5887 ± 2601 357 ± 35
Figure 17: Nutrient porewater profiles at St 13, St 23 and St 41 with the standard deviation obtained at St 13
(n = 4).
TOU was measured at all stations for day and night cycles. In July 2017, the night (sunset
until sunrise) was 9 hours and the day was 15 hours, while in August 2018 the night was
10 hours and the day was about 14 hours. TOU measurements took place during manually
adjusted day and night cycles and were calculated to either TOU per day (24 h, in the results)
or per separate day/ night cycle (9 (10) hours and 15 (14) hours in the discussion). Calcu-
lations are presented here per 24 h as a comparison between the stations was more feasible
when based on the same duration.
St 13 (n = 2) had the highest oxygen uptake with -27.9 ± 3.8 mmol O2 m
−2 d−1 for the
advection setting and -33 ± 2.1 mmol O2 m
−2 d−1 for the diffusion setting. Oxygen uptake
at St 41 (n = 3) and St 23 (n = 4) was lower with -21.4 ± 7.5 mmol O2 m
−2 d−1 at St 41 and
-12.6 ± 1.4 mmol O2 m
−2 d−1 at St 23 for the advection setting and -10.4 ± 2.9 mmol O2
m−2 d−1 at St 41 and -14.6 ± 7.8 mmol O2 m
−2 d−1 at St 23 for the diffusion setting.
During daytime net production rates were 7.3 ± 1.7 mmol O2 m
−2 d−1 at St 13; 11.5 ±
23 mmol O2 m
−2 d−1 at St 41 and 5.9 ± 8.2 mmol O2 m
−2 d−1 at St 23 for the advection
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setting. Production rates for the diffusion setting were 34.9 ± 13.2 mmol O2 m
−2 d−1 at St
13, 22.2 ± 8.8 mmol O2 m
−2 d−1 at St 41 and 1.3 ± 4.6 mmol O2 m
−2 d−1 at St 23 (Figure
18).
The TOU rates did not differ between the stations, neither for oxygen uptake during the
night cycle, nor for oxygen production during the day cycle. Comparing the different sedi-
ment parameters it becomes obvious that St 13 differed slightly in oxygen uptake but sedi-
ment parameters were quite similar to St 23. Only the permeability was lower at St 13. Chl a
values at St 13 were higher compared to St 41. The C and N content at St 41 was three times
higher in organic material than at St 23.
For all stations the variation between replicates was quite high. Figure 19 shows single
replicates of St 41 indicating the high variation between single measurements.
Figure 18: Oxygen uptake at St 13, St 23 and St 41. Oxygen uptake/ production rates were calculated for 24h.
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Figure 19: Oxygen uptake at station 41 for each chamber incubation separately. Each day and night measure-
ment plotted next to each other were measured in the same chamber. Oxygen uptake/ production rates were
calculated for 24h.
To evaluate if replicates with high oxygen uptake had a lower measurable daily produc-
tion, examples of day and night oxygen uptake/ production are shown exemplary for each
replicate of St 41 in Figure 19. St 41 was the only station for which a difference in oxygen
uptake between the two treatments could be observed. No direct relationship between oxy-
gen uptake and daily oxygen production could be observed in this example. Additional to
a visual observation, a relationship between oxygen uptake and production was tested. The
regression between daily production and night oxygen uptake was insignificant when testing
each station and additionally when testing all replicate pairs of all stations.
Nutrient fluxes were measured for each replicate chamber. NH4
+, SiO2, PO4
3− fluxes
are shown in Figure 20 for the three in situ stations. Fluxes of nitrate and nitrite were often
below detection limit and were thus not evaluated. As already observed for TOU, nutrient
fluxes were quite variable. In comparison with the oxygen, nutrient fluxes showed an even
higher variation between the stations. Especially St 23 showed rather low ammonium fluxes
compared to the other two stations. Nutrient fluxes were mostly not significantly different
between stations. Fluxes which were statistically different were daily fluxes of phosphate
and ammonium which differed statistically between St 13 and St 41. Nutrient fluxes were
not statistically different between advection and diffusion setting.
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Figure 20: Nutrient flux at St 13, St 23 and St 41. Fluxes calculated for 24 h as day and night flux for each
station, error bars show the standard deviation. A) Ammonium flux B) Silicate flux, as the standard deviation
for the diffusive day flux at station 13 was rather large, the whole range was omitted. C) Phosphate flux.
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3.3.3 Microbial volumetric oxygen consumption depending on porewater flow
Figure 21: Volumetric oxygen consumption in dependence of flow before and after the addition of A) glucose
for three different sediment types (W, S, W/S), B) algae to one sediment type (AWAC), C) DOC to one sediment
type (AWAC) and D) two different DOC concentrations to one sediment type (W).
Porewater can flow through sediment at different velocities. An experiment was designed
testing the volumetric oxygen consumption of different sediments in dependence of this pore-
water flow. Plug flow was increased to ∼60 cm h−1 in the first two experiments (Figure 21.A,
B, Table 5) and to ∼30 cm h−1 in the last two experiments (Figure 21.C, D, Table 5). Ad-
ditionally seawater flowing through the cores was enriched with glucose, algae or DOC and
oxygen consumption of sediments was measured in dependence of the enrichment. Nutrients
were variable throughout all experiments and are given as background parameters in Table
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Table 5: Conditions for the Flow-through Experiments.
Experiment Sediment Replicates [n] Flow [cm h−1] Treatment Salinity
I Warnemu¨nde (W) 6 10 - 60 Glucose 13
I Schnatermann (S) 6 10 - 60 Glucose 12
I Mix W/S 6 10 - 60 Glucose 11
II AWAC 6 12 - 19 Algae 11
II AWAC 6 37 - 46 Algae 11
II AWAC 6 31 - 62 Algae 11
III AWAC 6 5 - 24 DOC 15
IV W 3 4 - 24 No 16
IV W 3 4 - 24 DOC 16
IV W 3 4 - 24 High DOC 16
A.9.
Oxygen consumption was measured in different experimental set-ups with the differing
treatments (Table 5). In total 4 different kinds of sediments were used. Sediment parame-
ters were assessed prior to the experiment (Table 6, 7, and 8); permeability was additionally
assessed at the end in most of the experiments. Nutrients were measured as additional pa-
rameter in the header tanks 2 - 4 times during each experimental run (Table A.9). Nutrient
concentrations in each supplying header tank were measured separately on each date.
FTExp 1 was performed with and without glucose addition to 3 sediment types (W, W/S,
S, n = 6 each). Sediment parameters prior the experiments are listed in Table 6. Sediment
type W (Warnemu¨nde) consisted of medium grained sediment; Sediment type S (Schnater-
mann) consisted of fine grained sediment and the sediment type W/S consisted of a mixture
of both other types. Sediment S had the lowest permeability, the smallest grain size and the
highest organic content. Sediment W had the highest permeability, the largest grain size and
the lowest organic content. Sediment W/S was a mixture of the other two sediments and its
values thus ranged in the middle of the other two.
FTExp 1 showed no dependence of oxygen consumption on flow rate for none of the
sediment types, before the addition of glucose (Figure 21.A). Before any addition, vol-
umetric oxygen consumption was low (average volumetric oxygen consumption ∼6 µmol
l−1 h−1) for all sediments independent of sediment type or flow rate. Slopes varied from -
0.52 µmol l−1 h−1/ (cm h−1) (W) to 0.2 µmol l−1 h−1/ (cm h−1) (W/S). Glucose was increased
from ∼0.3 mmol to ∼0.9 mmol in all treatments.
After the addition of glucose, volumetric oxygen consumption increased in all cores with
increasing flow. Highest volumetric oxygen consumption rates were found for sediment S
and W/S, while the increase in volumetric oxygen consumption for the sediment W was only
∼half of the increase found for sediment S and W/S. Nevertheless, the increase in volumetric
oxygen consumption due to the increase in glucose was very pronounced in all cores. Fur-
thermore, after the addition of glucose a clear dependence of volumetric oxygen consumption
on flow could be observed for sediment S and W/S. Sediment W showed a different reaction.
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The decrease in volumetric oxygen consumption with a decrease in flow rate could also be
observed, however, not as pronounced as for the other two sediments. Slopes varied accord-
ingly from 0.48 µmol l−1 h−1/ (cm h−1) for W sediment to 2.56 µmol l−1 h−1/ (cm h−1) for
W/S sediment and 3.19 µmol l−1 h−1/ (cm h−1) for S sediment after the addition of glucose.
Table 6: Sediment parameters for the FTExp 1.
Sedi-
ment
k *10−12
[m2]
k (end) *10−12
[m2]
Grain size
[µm]
Corg [%
DW]
C end [mg
g−1]
N end [mg
g−1]
W 24.7 ± 0.28 2.08 ± 1.08 290 0.1 2.43 ± 0.1 0.04 ± 0.0
W/S 18.3 ± 0.22 1.28 229 0.13 1.88 ± 0.7 0.07 ± 0.0
S 13.2 ± 0.14 7.56 214 0.14 1.28 ± 0.9 0.07 ± 0.0
As glucose is not a natural food source occurring in the field, the next experiment (FTExp
2) consisted of addition of algae to the flow-through cores, as we tried to mimic the effect
observed due to glucose input with a natural food source.
Sediment used for FTExp 2 was sediment taken from the actual study area to mimic
more realistic field conditions. In this experiment, volumetric oxygen consumption rate was
dependent on flow (Figure 21.B). With increasing flow, the volumetric oxygen consumption
increased, the resulting slope before the addition of algae was 0.57 µmol l−1 h−1/ (cm h−1).
An addition of algae to the suppling water did not change the volumetric oxygen con-
sumption rate in this experiment. The volumetric oxygen consumption rate still increased
with increasing flow and the slope differed from before the addition only slightly with
0.63 µmol l−1 h−1/ (cm h−1).
The effect of the addition of algae could nevertheless be seen in the development of a
visible biofilm on the cores. The existence of a biofilm after the experiment could also be
measured in the C and N content as the C and the N content was higher in all cores in the
upper sediment layer (0-1 cm) compared to the lower sediment layer (4-5 cm) (Table 7). The
development of a biofilm additionally led to a reduction in the permeability (Table 7).
As flow was set for each header separately, the development of permeability differed
between treatments. Permeability was measured on day 2 and day 3 after the addition of
algae. Permeability of the cores experiencing faster flow (U1 and U2 cores) decreased faster
compared to the control cores (C, slow flow). Permeability on day 2 was lowest for the
core experiencing the fastest flow and highest for the core for the control group (Table 7)
respectively. At day 3 all cores were impermeable.
Independent of the clear effects of the addition of algae on permeability, a change in vol-
umetric oxygen consumption could not be observed. Instead of adding algae, DOC was used
in the following two experiments as DOC was supposedly easier digestible for the bacteria
in the sediment.
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Table 7: Sediment parameters for the FTExp 2. Permeability before the experiment (23.04.18) was 15.2 ±
1.25∗10−12 m2 for the AWAC sediment. Permeability before the addition of algae (04.05.18) was 5.26 ±
1.37∗10−12 m2. C and N content was measured after the experiment. Grain size measured for this sediment
was 192 µm and Corg was 0.16 ± 0.01% DW.
Sam-
ple
C:N
(0-1
cm)
C [mg
g−1] (0-1
cm)
N [mg
g−1] (0-1
cm)
C:N(4-
5
cm)
C [mg
g−1] (4-5
cm)
N [mg
g−1] (4-5
cm)
k *10−12
[m2] Day
2
k *10−12
[m2] Day
3
C 25.15 3.143 0.14 33.21 2.1 0.07 7.2 0.2
U1 24.51 2.82 0.13 30.23 1.98 0.08 2.08 0.16
U2 27.67 3.52 0.15 33.12 2.01 0.07 0.28 0.43
A test trial was run with only 3 cores without parallel control. The sediment used was
the W sediment from FTExp 1. During this test, DOC was added instead of algae. The
volumetric oxygen consumption before the addition of DOC was as low as in the FTExp 1
(∼2 µmol l−1 h−1). After the addition of DOC (200 ml DOC stock into 25 l of seawater in the
header tank), the volumetric oxygen consumption increased ∼20 times to ∼40 µmol l−1 h−1.
The measured DOC content revealed the DOC to have been increased 3 times compared to
pre-addition levels (∼0.55 to ∼1.72 mmol l−1).
As the effect of DOC was quite pronounced in the test trail, DOC was used in the follow-
ing two experiments.
For the first DOC experiment (FTExp 3), sediment from the field was used. Here we used
the same sediment as used for the algae addition (FTExp 2). Figure 21.C shows the vol-
umetric oxygen consumption in dependence of flow before and after the addition of DOC.
Volumetric oxygen consumption increased with increasing flow from ∼10 µmol l−1 h−1 to
25 µmol l−1 h−1 resulting in a slope of 0.73 µmol l−1 h−1/ (cm h−1). Volumetric oxygen
consumption did not seem to change with the addition of DOC. Volumetric oxygen con-
sumption rate differed only slightly to the volumetric consumption rate before the addition
of DOC and the observed volumetric oxygen consumption values ranged from ∼5 µmol l−1
h−1 to 20 µmol l−1 h−1 with a slope of 0.61 µmol l−1 h−1/ (cm h−1).
The determination of the DOC content revealed that the DOC was only slightly increased
with the addition of fresh DOC (0.48 mmol l−1 to 0.50 mmol l−1). This slight increase did
not have an influence on the volumetric oxygen consumption of the sediment. Additionally
the permeability measured after the experiment indicated that permeability stayed constant
during the experiment. The permeability prior the experiment was measured for the algae
experiments as sediments used were the same. The permeability changed from 15.2∗10−12
m2 with the addition of DOC to 14.8 ± 0.87∗10−12 m2. Thus no change in permeability
could be observed due to any increase in DOC concentration.
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For the second DOC experiment (FTExp 4) the W sediment was used again (see glucose
experiment). In this experiment the volumetric oxygen consumption increased with increas-
ing flow from∼5 µmol l−1 h−1 to 18 µmol l−1 h−1 with a slope of 0.68 µmol l−1 h−1/ (cm h−1).
In this experiment, the addition of DOC was supplied in two levels, one treatment with
a high amount of DOC and one treatment with less DOC (Table 8). One of three header
tanks was kept as a control. The volumetric oxygen consumption seemed to change slightly
with the addition of DOC. The volumetric oxygen consumption was highest for the treat-
ment with the highest DOC value and lowest for the control (without DOC addition) (Figure
21.D). However, none of these trends was significant. The slope increased for all treatments
after the addition of DOC with the highest DOC addition resulting in the steepest slope:
0.81 µmol l−1 h−1/ (cm h−1) (for the control), 0.9 µmol l−1 h−1/ (cm h−1) (for the treatment
with less DOC addition) and 1.18 µmol l−1 h−1/ (cm h−1) (for the treatment with the highest
addition of DOC).
The DOC measurement indicated a doubling of the DOC in the highest treatment to 1.04
mmol l−1 compared to 0.5 mmol l−1, while the DOC in the lower treatment was only slightly
higher (0.8 mmol l−1 compared to 0.5 mmol l−1, Table 8). DOC again decreased with dura-
tion of the experiment. The DOC addition could be seen in a slight reduction in permeability
(highest permeability measured in the control and lowest permeability in the highest treat-
ment) and in the C values in the sediment (maximum in the highest treatment and lowest
in the control). This shows the addition of DOC to have an effect (as was also observed in
the test trial), however the doubling of DOC content did not lead to a significant increase in
volumetric oxygen consumption.
Table 8: Sediment parameters for the FTExp 4. Initial and subsequent concentration of DOC/ DN before
(03.07.18) and after addition of DOC (10.07, 11.07 and 13.07.18); Permeability carbon values of each core
after the experiment (13.07.18).
Sam-
ple
DOC/ DN
[mmol l−1]
03.07.18
DOC/ DN
[mmol l−1]
10.07.18
DOC/ DN
[mmol l−1]
11.07.18
DOC/ DN
[mmol l−1]
13.07.18
k∗10−12
m2
[m2]
C upper
layer [mg
g−1]
C lower
layer [mg
g−1]
C 0.55/ 0.17 0.52/ 0.17 0.52/ 0.17 0.52/ 0.17 27.5 2.17 1.92
Low 0.49/ 0.17 0.8/ 0.21 0.53/ 0.16 0.57/ 0.18 24.5 2.55 2.58
High 0.49/ 0.17 1.04/ 0.22 0.65/ 0.18 0.58/ 0.17 19.8 2.82 2.70
3.4 Macrofauna abundance and respiration in the study area
Macrofauna2 abundance was sampled on one occasion at 5 stations within the study area.
These were the 5 stations with 550 m distance to the shore. The distribution of macrofauna
in the study area was quite variable between the stations (Figure 22). In total a number of
2Some of the data was published in Schade et al. (2019).
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22 different taxa were found. The most abundant taxon was Mytilus spp. (max. abundance
6051 ± 4291 ind m−2), followed by Hydrobiidae (max. abundance 1412 ± 1663 ind m−2)
and M. arenaria (max. abundance 265 ± 131 ind m−2). However, while Mytilus spp. and
Hydrobiidae were found at all stations, the distribution pattern of M. arenaria differed quite
strongly between stations and this species was absent on two of the five stations sampled
(Figure 22, Figure 24). Mytilus spp. was often found in clumps on the sediment with as-
sociated fauna. Regarding all species resulted in rather variable benthic communities, with
Mytilus spp. being the most abundant species at most stations.
Nevertheless, with regard to the biomass, Mytilus spp., M. arenaria and Cerastoderma
spp. covered most of the biomass with >95% at all stations sampled. The analysis of the
abundance and biomass data with an NMDS plot (non-multidimensional scaling) showed a
high variation at St 3. Regardless of the variation, all stations were rather similar (Figure
A.2). Regarding biomass, no difference could be observed between stations (apart from
replicates of St 3 being rather variable again). However, a simprof analysis revealed three
clusters when analysing all abundance data with replicate 3 and replicate 1 of St 3 being a
cluster each and all other replicates clustering together (Figure A.3). Analysing the data for
biomass reveals a similar result with replicate 3 at St 3 being different to the rest. In terms
of biomass (AFDW), Mytilus spp. was the most abundant species (max. 486.9 g m−2), with
M. arenaria constituting the second most of the biomass (max. 236.7 g m−2). The main
constituting polychaetes (as average over all stations) were H. diversicolor (max. 0.25 g
m−2) and Marenzelleria spp. (max. 0.26 g m−2).
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Figure 22: Abundance of macrofauna species at 5 stations in the study area.
To be able to estimate the different shares of total oxygen uptake, we need to be able
to calculate the oxygen uptake rate for the different macrofaunal species. Oxygen uptake
of some species can be calculated using literature values (e.g. Marenzelleria spp. and H.
diversicolor), while respiration rate for other species has only been defined unsatisfactory
(e.g. M. arenaria). As M. arenaria was the most dominant sediment dwelling species (by
biomass), its respiration rate calculation was of some importance for this study.
To estimate the respiration rate of M. arenaria, respiration rate was calculated in depen-
dence of individual dry weight (raw data in Table A.8). To estimate the respiration rate
depending on shell length, a dependency of individual SFDW of M. arenaria on size (x =
length [mm]) was calculated for 5°C (Equation 8, r2 = 0.972) and 15°C (Equation 9, r2 =
0.991) separately.
SFDW [mg] = 0.0036x3.1079 (8)
SFDW [mg] = 0.0029x3.1699 (9)
SFDW increased with increasing shell length slightly different for the two temperatures.
The difference of the weight-length relationship between both temperatures was tested
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with an ANCOVA. Neither the slope differed, nor had the temperature an effect (p = 0.58, p
= 0.59). Both equations were used nevertheless, as these were the original data and belong
to two different experimental treatments.
The dependency of respiration rate on SFDW was shown in Figure 23. The functions
were calculated for 5°C (Equation 10, r2 = 0.772) and 15°C (Equation 11, r2 = 0.569).
Independent of temperature smaller individuals had a higher mass specific respiration rate
compared to larger/ heavier ones. The correlation between SFDW and weight-specific respi-
ration rate (rr) was described with a power function for both temperatures (Equation 10 and
11). Bivalves respired significantly more in 15°C compared to 5°C (p = 0.04).
rr [mmol d−1 g−1SFDW] = 2.2211 ∗SFDW [mg]
−0.729 (10)
rr [mmol d−1 g−1SFDW] = 2.807 ∗SFDW [mg]
−0.55 (11)
Figure 23: Respiration rate of M. arenaria in dependence of SFDW [mg]. Blue points show values for 5°C;
red triangles show values for 15°C. Open red triangle show values for 15°C, where O2 concentration fell below
30%; these values were not used for the respiration rate function. This figure was changed after Schade et al.
(2019).
The respiration rate function was then used to calculate the respiration rate ofM. arenaria
within the study area. Respiration was calculated for 15°C, as deployments with the benthic
chambers took place in warm water (July and August). The calculated respiration differed
strongly between stations (Figure 24). However due to a different size distribution at the
stations, the respiration by M. arenaria did not necessarily differ in a fixed relation to their
abundance. While St 23 had only 12% of the abundance at St 13, the respiration calculated
for St 23 was 38% of that calculated for St 13 (1.8 mmol O2 m
−2 d−1 vs. 4.8 mmol O2 m
−2
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d−1). This was due to larger individuals at St 23.
Figure 24: M. arenaria abundance, respiration and size distribution. A) Abundance and calculated respiration
at 5 stations in the study area. B) Size distribution of M. arenaria at 5 stations in the study area.
Respiration could be calculated for M. arenaria with the published equation (Schade et
al. 2019), while the respiration for the most abundant polychaetes (Marenzelleria spp. and
H. diversicolor) could be calculated with literature data (Kristensen et al. 1985; Braeckman
et al. 2010; Renz and Forster 2013). Oxygen uptake for the polychaetes in our calculation
was the summed uptake of respiration for the polychaetes itself and the increase in micro-
bial respiration due to building of burrows, while we solely calculated the respiration for
M. arenaria. The oxygen uptake was calculated for those three species and related to TOU
at St 13 and 23 (Figure 25). Both stations differed in macrofaunal abundance and thus the
oxygen uptake differed. At St 13, the TOU was 30 mmol O2 m
−2 d−1 while TOU at St 23
was 14 mmol O2 m
−2 d−1. Calculated oxygen uptake due to macrofauna at station 13 was
6 mmol O2 m
−2 d−1, while it was 1 mmol O2 m
−2 d−1 at St 23. Calculated respiration of M.
arenaria was 4.8 mmol O2 m
−2 d−1 at St 13 and 0.6 mmol O2 m
−2 d−1 at St 23. Marenzelle-
ria spp. and H. diversicolor were calculated to have an oxygen uptake of 0.8/ 0.3 mmol O2
m−2 d−1 at St 13 and 0.03/ 0.07 mmol O2 m
−2 d−1 at St 23.
The calculated change in TOU due to the macrofauna can thus not solely explain the
difference between both stations.
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Figure 25: TOU compared to respiratory contribution by different fauna at St 13 and 23.
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4 Discussion
4.1 Evaluation of methods
In situ measurements are always subject to stronger uncertainties compared to laboratory
investigations. According to the calculated error propagation by Gauss, all values measured
in our in situ incubations were subject to 35% variability. For an assumed oxygen uptake
of 20 mmol O2 m
−2 d−1 this corresponds to an uncertainty of 7 mmol O2 m
−2 d−1. The
measured variability between replicates in the field can nevertheless be even higher within
one station.
We applied different methods to improve the accuracy of our in situ measurements. One
uncertainty which had to be considered was the enclosed volume of water in the chamber.
We measured sediment surface to chamber lid distance at 3 spots and calculated the enclosed
chamber volume. With an uncertainty of 0.5 cm in the distance determination, the variation
for the volume calculation was 2.5%. One option to improve this variability was tested
during our incubations.
The addition of bromide as a non-bioactive tracer is an additional method used in the
field (Forster et al. 1999; Tengberg et al. 1995) for different purposes. One purpose is the
volume determination within the chambers. In our field experiments a defined concentration
of bromide was added to each chamber. Due to the then measured diluted concentration
in the overlying water in the closed chamber, an enclosed water volume was calculated.
However, the volume calculated based on bromide concentrations did not show less variation
compared to volumes determined from the sediment surface-lid distance (see also Andersson
et al. 2006). Volume in the core was thus calculated due to sediment-surface-lid distance and
volume calculation due to bromide concentration was discarded.
An additional purpose of bromide addition should have been its use as a tracer indicating
water penetration depth into the sediment. Measured bromide profiles in the sediment, or al-
ternatively the loss of bromide from the chamber water and a calculated transport of bromide
into the pore spaces, can give insight into the water penetration depth due to advection or
diffusion in the in situ chambers (Tengberg et al. 1995). Transport of bromide into the pore
spaces could be calculated based on the loss of bromide in the overlaying water from start to
end of each chamber incubation. The calculated bromide transportation reached down to a
sediment depth of 10 – 30 cm. The calculated transportation depths were higher in the advec-
tive treatment compared to the diffusive treatment if regarding the average for each treatment.
However, the variation between the replicates was very high and the transportation depth for
the advection treatment was not always higher compared to the diffusion treatment when
considering single replicates. Thus the calculated transportation into the pore spaces did not
show any reliable difference between advection and diffusion treatments.
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Bromide profiles in the sediment as a measure of the transportation depth should alter-
natively be directly measurable in sediment cores. However, bromide profiles were often
lost due to different reasons. To sample bromide profiles, subcores with prepared holes for
porewater sampling had to be taken from each chamber. Before taking the subcores, the lids
of the chambers had to be opened resulting in the loss of bromide in the overlaying water.
Bromide concentration in the overlaying water was thus reduced to background bromide val-
ues. Subcores had to be taken to the ship before porewater sampling could take place. As a
results bromide concentrations in the sediment were then often equilibrated to background
concentration by the time of sampling on the ship. In conclusion the time between sampling
from the core and sampling of the porewater profile was too long. Some bromide profiles
had no low values indicating dilution with background values and thus seemed to be reliable.
Nevertheless they showed inconsistent results and no consistent difference between diffusion
or advection treatment. In addition profiles could only be measured until a max. sediment
depth of 12 cm which was much less than the calculated transportation depths of up to 30 cm.
The use of bromide is generally known as a good method to estimate the penetration
depths for finer grained sediments (Forster et al. 1999). When sampling at stations with such
a long transportation time as in our study a different chamber would need to be designed
from where direct bromide porewater samples could be taken (instead of having to open the
lid). Alternatively sampling of the complete chamber with overlaying water would probably
lead to more reliable bromide values. Unfortunately with the size of the chamber in use, it is
impossible to sample the whole chamber with divers without disturbing the porewater.
Bromide did thus not lead to reliable values for transportation depths with none of the
tested methods. It was thus rejected for the analysis as non-reliable method and not included
into the results.
TOU in situ was measured with the Winkler titration method for St 23 and 41, while
an additional system (a continuous measurement with oxygen sensors) was applied at St
13. Daily oxygen production calculated with the Winkler method could be compared to the
continuous measurement (every 5 minutes) at St 13. Both methods resulted in similar rates
if calculated with one average start and one average end value and the change in concen-
tration over time (Winkler: 35 mmol O2 m
−2 d−1; oxygen sensors: 34 mmol O2 m
−2 d−1).
Calculating the production via a start and an end value assumes a linear increase in oxy-
gen concentration in the chamber. The additional continuous measurement at St 13 shows
a slope from which oxygen production could be calculated. The continuous measurement
showed the slope not to be linear during the day but to slowly increase from the moment the
dark cover was removed. Calculating the production rate from the steepest slope measured
during the day led to higher production rates (45 mmol O2 m
−2 d−1) compared to production
rates calculated with the Winkler method. The calculated production was 1.4 times higher
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if calculated with the steepest slope during the day. As light was strongest when the sun
was highest and weaker during evening and morning it is quite realistic for the production
rates to be generally lower in the morning and the evening and higher during noon (where
we found the steepest slope). Nevertheless, the higher production rate calculated with the
steepest slope would disregard the slowly increasing/ decreasing production rates at start and
end of the day. We assumed the Winkler titration rates to be quite reliable as the slope as-
sumed one average daily production. Oxygen production rates calculated with the steepest
slope would possibly overestimate production rates.
TOU during the night was similar for both measurements, as the slope did not change dur-
ing the night (Winkler: 33 mmol O2 m
−2 d−1; Hach Lange: 34.6 mmol O2 m
−2 d−1). This
was in agreement with the lack of strongly rate-changing processes, such as light-dependant
photosynthesis during night.
Generally shallow sediments in the Baltic Sea are quite poor in organic content (Premuzic
et al. 1982). Assuming a C:N ratio of ∼6.6 (or often 7.5 - 10 as found by Lipka et al. (2018))
N values would be rather low if the C values are low (for example assuming a Redfield Ra-
tio of 6.6; the N content would be 0.15 mg g−1 for a C content of 1 mg g−1). N contents
in the sediments would thus be expected to be even below detection limits. In the analysis
of sediment C and N contents, we thus aimed at measuring larger volumes of sediment to
obtain higher signals which were then above detection limit. Most carbon and nitrogen was
expected to adsorb on the fine particles (Rusch et al. 2000). Separating the fine sediment,
filtering it onto a GFC filter and measuring the filter, was thus a reliable method to anal-
yse larger volumes of sediments. In contrast to pure sediment, N values were always above
detection limits, when being measured in the filter. All values were then related to the orig-
inal sediment weight. N content measured on the filter (example St 45; 0.31 mg g−1) was
higher compared to N content measured in pure sediment (example St 45; 0.05 mg g−1), but
was considered to be more reliable. C and N content of the field samples was thus always
analysed on a filter.
4.2 Oxygen uptake rates and affecting processes
One of the main objectives of this study was to investigate the oxygen uptake rate of
sediments and the influence of different processes on this parameter (Objective 2). These
processes could then be related to the investigation of the field parameters (discussed in
section 4.3) which is why another main aim was to investigate the sediments, its properties
and the currents within study area (Objective 1).
Oxygen uptake of sandy sediments is influenced by several processes and parameters (e.g.
permeability, currents, advective flow, organic content, and activity of macrofauna commu-
nity). These processes and parameters interact in the field. When measuring TOU in the
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field, some processes could be separated (e.g. advection and diffusion) but all other pa-
rameters and processes would interact resulting in one TOU measurement. For this reason
processes/ parameters in our study were investigated ex situ and separately in situ as an inte-
grated TOU signal. Ex situ, parameters can be simplified (e.g. excluding macrofauna from
the sediment) and thus the influence of different parameters can be analysed separately.
Lab measurements
Oxygen uptake rates for different processes and under different conditions were studied in
the laboratory for sediments without macrofauna or with a known abundance of macrofauna.
For this purpose coarse and fine sediment was incubated in cores. The permeability for these
two sediment types was above the defined threshold of ∼2.5∗10−12 m2 and both sediment
types were assumed to be permeable. Coarse sediments showed low oxygen uptake rates
(3.2 ± 1.9 mmol O2 m
−2 d−1) and high oxygen penetration depths of 10 - 15 mm (<15 mm
for most parts in the chamber, >15 mm on the outer radius of the chamber). These sediments
showed no change in oxygen uptake rates, but rather increasing oxygen penetration depths
with increased differential pressure. In these sediments the organic carbon content was low
and as microbial activity is dependent on labile organic carbon, no increased metabolic ac-
tivity could be observed with increased oxygen penetration depth.
The oxygen penetration depth of <8 mm in the fine grained sediment was considerably
lower compared to the coarser grained sediment. Neither penetration depth nor oxygen up-
take increased with increasing differential pressure. The oxygen penetration depth in the
fine grained sediment did not change, thus the sediment was clearly not subject to advective
processes. The original assumption of both sediments (fine and coarse) to be permeable and
possibly subject to advective influence had to be rejected. These results can be compared to
a study by Forster et al. (1996). In their study flow had an impact on the oxygen uptake rate
of coarse sand (permeability 5∗10−11 m2), while no impact could be seen on the fine grained
sediment (permeability 5∗10−12 m2). In the coarse sand an increase in flow rate from 3 to 14
cm s−1 increased the oxygen uptake by 91%. Even though the less permeable sediment was
thought to be permeable in both studies (our study and the study by Forster et al. (1996)), no
impact on oxygen uptake could be detected and the permeability threshold seemingly has to
be debated.
Regarding results of our study, we would suggest to increase the permeability threshold
to at least 0.75∗10−12 m2. This threshold will be reconsidered with the results from the lab
and the in situ explorations. Extrapolations of oxygen uptake rates for field systems always
require the assumption of a certain threshold. Therefore the consequences of a change in
threshold and its effects on the assumptions for the study area will be discussed below when
discussing the parameters measured in the study area.
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Field measurements - oxygen
Laboratory results may generally be more suitable to analyse as there are fewer variables.
In situ measurements are nevertheless important to gain natural estimates about TOU in the
area.
TOU in the field ranged between -10 mmol O2 m
−2 d−1 (St 41) and -33 mmol O2 m
−2
d−1 (St 13) for the stations measured in situ. A change in TOU due to advection could only
be observed at St 41, while there was no difference between the treatments at St 13 and St
23.
TOU measured can be compared to published literature oxygen uptake rates. Literature
values differ as they applied different methods and were conducted in different areas and sea-
sons. Most published oxygen uptake rates vary between 3 and 30 mmol O2 m
−2 d−1 (Table
9). Nevertheless the magnitude found in most studies was in a similar range. Regarding stud-
ies conducted in the Baltic Sea the variation was quite high ranging from 4 to 36 mmol O2
m−2 d−1 (Nilsson et al. 2019, Powilleit, unpubl data). This variation however can also be
found in other areas like the North Sea (1 to 37 mmol O2 m
−2 d−1 in different studies, in-
cluding stationary and seasonal effects, Table 9). Even within one station the TOU can have
a similar extent as the extent in the whole Baltic Sea. For example measurements at one
station show TOU to range from 5 mmol O2 m
−2 d−1 in Feb to 36 mmol O2 m
−2 d−1 in Sep
(Table 9; Powilleit et al unpubl) solely due to seasonal influence. However, rates assessed in
our study range within published rates for the Baltic Sea.
One study which was similar to our study was conducted by Janssen et al. (2005a). Their
study was conducted as an in situ lander (”Sandy”) study in the North Sea (3 stations; perme-
abilities of 0.3, 2.6 and 7.5∗10−11 m2). Sediment parameters were similar to our study area
with grain sizes of 160 – 672 µm and TOC content of 0.03 – 0.2% DW. The TOU was also in
a similar range (17 - 37 mmol O2 m
−2 d−1). The authors found similar increases in oxygen
uptake rates with advective influence as found in our area. Comparable to our results they
did not find an increase in oxygen uptake rate with advection at their finest station but the
highest increase in oxygen uptake rate at the coarsest station with the highest permeability.
It becomes clear that TOU within one relatively small area can vary as much as TOU
within a whole sea (e.g. the North Sea or the Baltic Sea). It is obvious from our results and
other studies (Table 9), that TOU can be increased with advective influence in some cases,
while in other cases no increase was visible despite experimental pressure gradients applied.
Increased rates with advective influence could be observed for most studies for sites where
permeability was >2∗10−11 m2. Sites with a permeability of 5∗10−12 m2 or less (Forster
et al. 1996; Janssen et al. 2005b, our study St 13) showed no increased rates with advective
influence, even though sediments with a permeability >2.5∗10−12 m2 were assumed to be
possibly affected by advective processes in previous studies (Glud et al. 1996; Forster et al.
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2003).
A more detailed view on studies on advective influence shows a need to differentiate the
advective influence on TOU from a general advective influence on porewater transport. The
permeability threshold of 2.5∗10−12 m2 was based on studies using a dye or bromide as a
tracer (Huettel and Gust 1992a; Forster et al. 1996; Glud et al. 1996). The transport of the
non-reactive tracer may be sufficient to show the occurence of advective porewater intrusion,
but seemingly no sufficient indicator for the influence on oxygen uptake in particular. This is
exemplified by the study of Forster et al. (1996), where little dye penetration was observed in
the low permeability treatment (5∗10−12 m2), while there was no observed change in oxygen
uptake with this advective influence.
Oxygen uptake can always be influenced by the available carbon and nitrogen at each
station. C and N content within the sediment were highest at St 41 with values being ∼1.5
times higher compared to St 13 and 23 if regarding only the top centimetre (Table 4). C
and N content was sampled in centimetre steps at St 13 and 41 and the average over the top
centimetre would suggest values at St 41 to be ∼three times higher than C content at St 23.
Taking each centimetre step into account however, it is obvious that C values were increas-
ing continuously with depth at St 41 (2.9 mg g−1 for 0-1 cm depth – 9.1 mg g−1 for 9-10 cm
depth, 3) while they were constant at St 23. N content was constantly ∼twice as high at St
41 compared to St 23. Averaging the content over the whole sediment depth would clearly
overestimate the difference between the stations and the C and N values. Nevertheless the
station with highest k (St 41) and the highest C and N content for bacterial processes was the
only station investigated in our work showing an increase in oxygen consumption rate with
advective influence.
Field measurements - Nutrients
Oxygen fluxes differed between stations and so did nutrient fluxes. Nutrient fluxes were
highest at St 13. Looking at concentrations of nutrients within the porewater, St 41 had
the lowest porewater concentrations for ammonium, silicate and phosphate. However, at a
comparably low level St 13, 23 and 41 were within the range of concentrations found at a
sandy station in close proximity (Lipka et al. 2018). Looking at the N:P ratio of porewater
nutrients, we conclude preferential N removal at St 23 and St 41 as N:P ratios were <7 for
both stations (measured in the water column or porewater profiles). St 13 was different to
the other two stations as, regarding the water column, the ratio was >16 for all values (x
20). The ratio in the porewater at St 13 was nevertheless more similar to St 23 and St 41
with N:P ratios <14. Generally we argue high amounts of nitrogen being processed at St
13 as the ratio of N:P changes from the water column to the sediment. Higher fluxes could
be possible at St 13 as the N:P ratio was on average higher compared to St 23 and 41. As
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Table 9: Benthic oxygen uptake in selected studies. Values of our study were multiplied by -1 to adjust them to published values. The values are separated in in situ benthic
chamber or lander deployments (upper values) and values achieved with other methods (lower values).
Publication Location k
∗10−11
m2]
Median Grain
size [µm]
Porosity TOC [% DW] advective TOU
[mmol O2 m
−2 d−1]
non-advective TOU
[mmol O2 m
−2 d−1]
(Janssen et al. 2005a) North Sea 0.3 163 0.3 0.1 29.2 ± 12.2 28.8 ± 12
(Janssen et al. 2005a) North Sea 2.63 299 0.3 0.2 37.3 ± 28.5 26.1 ± 81.3
(Janssen et al. 2005a) North Sea 7.46 672 0.3 0.03 27.7 ± 11.5 17.0 ± 12.8
(Forster et al. 1996) North Sea 0.5 130 0.4 1.2 30 ± 1.5
(Forster et al. 1996) Mediterranean
Sea
5 270 0.4 0.8 15.5 – 26.7 10 ± 1.5
(Gihring et al. 2010) Gulf of Mexico 2 - 4.6 0.4 0.1 - 0.6 11.5 ± 0.4 6 ± 1.1
Finke, Bachelor thesis Baltic Sea 287 0.4 0.3 12.9 ± 0.9 6.4 ± 1.07
Langenwerder 1* Baltic Sea 0.75 217 0.17 30.6 ± 2.6
Langenwerder 2* Baltic Sea 0.75 182 0.17 16 ± 3.6
Warnemu¨nde* Baltic Sea 2.4 300 0.0 - 0.1 3.2 ± 1.9
St 13* Baltic Sea 0.64 166 0.4 0.1 27.9 ± 5.4 33 ± 3
St 23* Baltic Sea 1.59 213 0.4 0.1 12.6 ± 1.7 14.6 ± 10.3
St 41* Baltic Sea 3.75 543 0.3 0.4 21.4 ± 9.2 10.4 ± 4.4
(Fuchsman et al. 2015) Oregon Shelf 4.3 - 12.5
(Nilsson et al. 2019) Baltic Sea 0.1 - 6 (POC) 4.25 - 32.8
(McGinnis et al. 2014) North Sea 0.66 0.43 7
(McCann-Grosvenor et al. 2014) Oregon Shelf 1.3 - 4.7 0.1 - 0.4 <30 10
(Devol and Christensen 1993) Washington Shelf 0.6-0.8 5 - 18
(Reimers et al. 2012) Oregon Shelf 1.74 -
17.6
0.2 - 0.3 3.2 - 9.8
(Berg et al. 2013) Estuary, Cape
Cod
1.8 29.3 ± 2.8
(Rusch et al. 2006) Mid Atlantic
Shelf Deposits
1 400 - 500 0.37 0.02 - 0.03 40 - 90 15 - 20
(Powilleit, unpubl. data) Seekanal, Baltic
Sea
238 0.1 - 0.2 4.7 - 36.3 (ø 10.5)
(Lipka et al. 2018) Baltic Sea 0.42 0.4 0.3 3.8 ± 1.7
(Ahmerkamp et al. 2017) North Sea <0.1 102-155 0.5 0.15 - 0.4 1-3
(Ahmerkamp et al. 2017) North Sea 3.1 - 21 207-537 0.4 - 0.5 0.03 - 0.3 8 - 34
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a general finding, St 13 has the highest porewater content of nutrients and was thus seem-
ingly the station with the lowest flushing rate. Combining the porewater content at St 41 and
the C and N contents found at this station, we assume St 41 to have the highest flushing rates.
As there were no measurements of microbial or phytoplankton community activities, and
no measurement of the oxygen penetration depths within the cores, the reasons for nutrient
fluxes remain speculative. Ammonium flux was highest at St 13 and quite low at St 23. At St
41 the ammonium flux differed for the advection and the diffusion treatment. Additionally
the ammonium flux seemed to differ between day and night fluxes at St 13 and 41. Ammo-
nium fluxes in our study were mostly negative and directed into the sediment. A release of
ammonium was only found for daily fluxes at St 13. Contrarily Janssen et al. (2005a) found
a release of ammonium between 1.89 (fine sediment) and 0.04 mmol O2 m
−2 d−1 (medium
sediment) during the night. The nitrogen cycle is comparably complex and there are a few
possibilities of flux explanations. As ammonium fluxes differed between day and night in our
sediment, most explanations fail. However, there are many processes which might explain at
least part of the fluxes. Janssen et al. (2005a) argue their higher release at the station with fine
sediment to be due to reduced oxygen penetration depth and thus lower nitrification rates.
At St 41 the potentially higher oxygen penetration in the sediment in the advection treatment
could have led to higher nitrification of ammonium to nitrate. The ammonium, which is pos-
sibly produced in the sediment would not be measured as it would directly be nitrified due to
the advective flushing of oxygen into the sediment. Reasons for the negative ammonium flux
into the sediment could be the occurrence of heterotrophic phytoplankton taking up nitrogen.
Also in anaerobic sediments as for example at St 13, the loss of ammonium could be due to
anammox (anaerobic ammonium oxidation) or denitrification, thus the conversion of ammo-
nium to N2. This would however, not explain the positive daily ammonium flux at St 13.
The reversal of fluxes at St 13 could possibly be due to strong ammonium production rates
in surface sediments and reduced possibility for denitrification/ anammox which then led to
intense day remineralisation close to the sediment surface. A generally higher ammonium
flux at St 13 could be due to the high N:P ratio at St 13.
The ammonium flux could additionally be influenced by the presence of bioturbators.
Generally, the bacterial abundance and activity can be 10-fold higher in the macrofaunal
burrow wall (Bird et al. 2000; Papaspyrou et al. 2005), ammonium production can be in-
creased with higher abundance of macrofauna. Oxygen and ammonium concentrations are
higher in macrofaunal burrow walls affecting microbial processes (Laverock et al. 2011).
Unfortunately we do not know the biomass of the macrofauna within the cores which were
analysed for in situ fluxes. From the background investigation we know the abundance of
bioturbators to be ∼5-times higher at St 13 compared to St 23, which could explain generally
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higher fluxes at St 13 also for ammonia. One macrofaunal species with the highest abundance
at St 13 was Marenzelleria spp. One explanation for a different ammonium flux during day
and night cycles could be a daily activity cycle, which was observed for Marenzelleria spp.
by Winkler and Debus (Winkler and Debus 1996). However, in their study Marenzelleria
spp. was active during night hours and during day hours only found below 15 cm sediment
depth. This behaviour would contradict the fluxes found at St 13. So even though a day and
night migration pattern might be an explanation for fluxes at St 13, the exact cause-effect
relation remains a speculation.
Silicate fluxes were highest at St 13, which was the station with the finest sediment. Sil-
icate fluxes were directed into the sediment at St 13 and 41, while they were positive at St
23. Janssen et al. (2005a) only observed stronger silicate fluxes than fluxes measured in our
study (1.22 – 2.54 mmol O2 m
−2 d−1). Fluxes found in their study were strongest at the fine
station which agrees with the strongest flux in our study found at St 13. In contrast to our
study however, fluxes observed in the study by Janssen et al. (2005a) were always directed
into the water column. One possible reason for the strong negative flux at St 13 could be
high biomasses of diatoms taking up silicate for shell growth.
Phosphate fluxes in our study were as average up to twice as high and exclusively into
the sediment in contradiction to fluxes observed by Janssen et al. (2005a) (phosphate flux
<0.08 mmol O2 m
−2 d−1). Unfortunately most explanations also fail. Nevertheless approx.
one quarter of the phosphate concentration measured as background value in the study area
was taken up during the day. Generally we cannot explain the different nutrient fluxes mea-
sured at the different stations but at least the order of magnitude of the nutrient fluxes seemed
to be realistic and within the range observed in other sands.
Porewater profiles and nutrient fluxes calculated from in the overlaying water were as-
sessed at the same station, but porewater samples were taken from cores next to benthic
chambers, not from the chambers itself. Therefore a direct comparison of the nutrient fluxes
to the porewater profiles or a calculation of diffusive fluxes from porewater profiles was not
applicable. Regardlessly, porewater profiles at all stations suggest a release from the sed-
iment into the water column. In contrast to the porewater profiles, nutrient fluxes in the
overlaying water were mostly observed as fluxes directed into the sediment. One possible
reason would be a sink at the sediment water interface. Sinks could be a consumption by or-
ganisms as e.g. diatoms taking up silica or algae taking up ammonium (Wilhelm et al. 2006).
All fluxes measured by Janssen et al. (2005a) rather correspond to our measured porewater
profiles.
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Field measurements - implications
Investigations from the field calculate TOU in published literature mostly as rates per 24h
(d−1) (Janssen et al. 2005a; Reimers et al. 2012; Fuchsman et al. 2015). We calculated TOU
as daily TOU too, but we recalculated TOU as separate day and night TOU in order to be able
to estimate net TOU on a daily basis (Figure 26). Obviously these rates can only account for
the rates at their measurement dates and would be different for other periods during the year.
Oxygen uptake/ production was calculated dependent on day and night periods at the
specific date or during that period of the year. In 2017 we estimated a night period of 9
h and a day period of 15 h, while we estimated 10 and 14 h for 2018 (assumption based
on sunset and sunrise). Oxygen uptake/ production calculated accordingly can give further
insight into a net TOU. At St 13 and 23 no difference between the diffusive and the advective
treatment could be proven. Consequently, one average daily oxygen production rate (12.3
mmol m−2 ± 9.8 at St 13 and 1.4 mmol m−2 ± 4.7 at St 23) and one average oxygen uptake
rate during the night (-12.7 mmol m−2 ± 1.7 at St 13 and 5.1 mmol m−2 ± 2.3 at St 23) was
determined. The resulting net oxygen uptake for a 24h day was -0.4 mmol O2 m
−2 d−1 at
St 13 and -3.7 mmol O2 m
−2 d−1 at St 23. St 41 was the only station showing a difference
between the advection and the diffusion treatment and thus oxygen uptake and production
rates and also the resulting net TOU was calculated separately. Daily oxygen production
at St 41 was 7.2 mmol m−2 ± 14.4 for the advective treatment and 13.9 mmol m−2 ± 5.5
for the diffusive treatment. Night oxygen uptake was -8 mmol m−2 ± 2.8 for the advective
treatment and -3.9 mmol m−2 ± 1.1 for the diffusive treatment. This resulted in a net TOU of
-0.8 mmol O2 m
−2 d−1 for the advective treatment and 10 mmol O2 m
−2 d−1 for the diffusive
treatment. In a general assumption (explained in Chapter 1, Figure 1) O2 produced during
the day would be transported relatively deep into the sediment in the advection treatment,
while it would only diffuse a few mm into the sediment in the diffusion treatment. This
assumed general trend was found for St 41 and resulted in a slightly heterotrophic system in
the advection treatment compared to a more autotrophic system in the diffusion treatment.
This observed trend might change with season as photosynthesis is light dependent. The
system would possibly be more autotrophic with longer lasting light periods, while it would
even be more heterotrophic for shorter light days. This trend was not observed at St 13
and 23 as there was no observable difference between diffusive and advective conditions
during the night, possibly due to the lower permeability at those two stations. Nevertheless,
pronounced differences at those two stations were observed during the day. These differences
may be accounted for by spatial differences in microphtobenthos distribution. Advective and
diffusive treatments had to be placed on different locations. The colonization with diatoms
was probably very heterogeneous leading to locally strong difference in daily production
rates.
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Figure 26: Oxygen uptake at St 13, 23 and 41. Night respiration rates were calculated with a 9 h night period
(10 h in 2018) and day production rates were calculated with a 15 h day period (14 h in 2018).
TOU generally relies on the source of carbon. The net TOU may be compared to the
carbon stock available in the sediment. We recalculated oxygen uptake/ production as carbon
units to estimate the daily net carbon balance at our field stations (Table 10). Carbon units
[mg m−2] were calculated by assuming an oxygen to carbon utilization ratio of one. The net
carbon balance was then estimated based on the day and night carbon production/ uptake.
The calculated carbon units and the resulting net carbon balance was calculated separately
for day and night at St 13 and 23, independent of advective and diffusive condition, while
we differentiated between the advective and diffusive conditions at St 41. During the day
carbon was fixed, while we determined a carbon liberation during night (Table 10). The net
carbon balance resulted in a negative balance for St 13, 23 and the advection treatment at St
41, while there was a net carbon gain for the diffusion treatment at St 41.
Comparing the calculated carbon balance to the carbon stored in the sediment (organic
carbon measured during the sampling (Table 4), assuming all organic carbon to be labile
organic carbon) one can estimate the time it would take until the stored carbon stock is
depleted (residence time). For this, the carbon stock was divided by the net carbon balance
per station. Carbon balance varied extensively between the stations and also between the
different treatments.
The residence time of carbon differed accordingly between the stations. St 13 had a
residence time of 473 days compared to 52 days at St 23. At St 41 the carbon balance during
the advection treatment was low and the calculated residence time was 604 days, while the
carbon balance at the diffusive treatment suggested a net supply of carbon. Except for the
diffusive treatment at St 41, we calculated the system to be heterotrophic depending on the
supply of organic carbon as nutritious source.
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The carbon production during the day usually supplied much carbon (St 13 and 41), so
that the net carbon balance was only slightly negative. St 23 is an example station where
the supply of carbon during the day was rather low and the net carbon balance was strongly
negative. St 23 was thus strongly heterotrophic and would be dependent on external carbon
supply already after 1 1/2 month. Results shown here were measured in summer where the
light period was long and thus the production during the day was high. The carbon produc-
tion during the day would be lower during shorter light days and the system would depend
on external sources if production during the day decreased during shorter light periods.
Table 10: Carbon production/ uptake for a separate day/ night cycle. Calculated according to day and night
periods during sampling time. Rates were calculated as net carbon balance for a daily cycle (24 h) for each
station and each treatment using TOU and C units [mg m−2].
Station Cycle C production [mg m−2];
Day
C uptake [mg m−2];
Night
Net C balance [mg m−2
d−1]
St 13 adv. and diff. 147.5 ± 117 -152.1 ± 20 -4.6
St 23 adv. and diff. 17.1 ± 56.8 -61.1 ± 27.5 -44
St 41 advective 86.5 ± 172.4 -96.2 ± 33.8 -9.8
St 41 diffusive 166.5 ± 66.1 -46.6 ± 16.1 119.9
Without hydrodynamic forcing, no advective flow effects would take place. The benthic
chambers only mimic hydrodynamic forcing interacting with ripples by inducing a pressure
gradient. Values available from the calibration of the benthic chamber were differential pres-
sures. To estimate a velocity in the field that would roughly generate equivalent dp as applied
in the chamber, we referred to a publication by Huettel and Gust (1992b). Huettel and Gust
(1992b) measured differential pressure [Pa cm−1] for applied friction velocities at different
ripple heights. Thus, we can estimate a friction velocity for a specific ripple height and dif-
ferential pressure (dp) [Pa cm−1] from their data. Therefore, parameters needed were ripple
height and differential pressure. Ripples in the field were 1.96 cm ± 0.24 cm (n = 5) mea-
sured on one occasion (24th of July 2018). The measured ripple heights were comparable to
ripple heights measured in the Pomeranian Bay (1.7 cm ± 0.25 cm (n = 6), Forster unpub-
lished data). The applied dp during the field deployments was 0.5 Pa cm−1. From Huettel
and Gust (1992b) we estimated a friction velocity of 0.4 cm s−1 to yield in a differential
pressure of 0.5 Pa cm−1 for ripples of 2 cm height. The assumption of a conversion factor
of ∼11 (Precht and Huettel 2003b) for the proportion of friction velocity to current velocity
resulted in a calculated current velocity of ∼4.4 cm s−1. This is the equivalent velocity in
the field leading to the applied dp with the benthic chamber. This calculation was a rough
estimate as the real friction coefficient is unknown for the chambers and ripples in the field
were not uniform (as mimicked by the benthic chamber). The current velocity of ∼4.4 cm
s−1 mimicked during our in situ chamber experiments ranged on the lower end of current
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velocities measured in the field (Figure 12).
The differential pressure in the field was variable depending on ripple height, ripple dis-
tance and current velocity. Ripple distance represented with the chamber would had a dis-
tance of ∼17 cm (r of the chamber 8.5 cm). This distance was quite comparable to ripples
measured in the field with a distance of 14.7 cm ± 2.6 cm (as measured on 24th of July 2018).
Ripples predicted by Wiberg (Wiberg and Harris 1994) were roughly 1 - 1.5 cm of height
with a spacing of ∼10 cm at a median grain size of 200 µm in the Oregon area, thus smaller
and closer together than ripples measured in our area. Generally length and height of bed
forms (also ripples) was supposed to be mainly a function of grain size (Yalin 1985) and we
would thus assume ripple form to stay within narrow limits and only change slightly with
velocity. The mimicked current velocity would be within the range of the typical velocities
occurring in the study area.
Porewater flow
While the differential pressure changed the oxygen distribution in permeable sediments,
the flow rate at which porewater flows through the sediment could have an additional ef-
fect (Ahmerkamp et al. 2017). Different sediment types were tested with increasing flow
rates. While in one experimental set-up no indication for a flow effect was found (Fig-
ure 21.A), all other treatments showed an increase in volumetric oxygen consumption rates
with increased flow rate. Slopes varied between treatments. Slopes of treatments showing
an effect of flow rate on volumetric oxygen consumption varied basically from 0.6 to 0.7
µmol l−1 h−1/ (cm h−1). These are considerably lower compared to slopes varying from 0.9
– 1.4 µmol l−1 h−1/ (cm h−1) found by Ahmerkamp et al. (2017). Adding nutrition (glucose
or DOC) changed the volumetric oxygen consumption rates enormously. An increase of the
volumetric consumption rates was not observed in all treatments, but it was obvious when
adding glucose and when doubling the DOC. The slopes varied after the addition of nutri-
tion between 0.5 µmol l−1 h−1/ (cm h−1) and 3.2 µmol l−1 h−1/ (cm h−1) for the addition
of glucose and between 0.8 µmol l−1 h−1/ (cm h−1) and 1.2 µmol l−1 h−1/ (cm h−1) for the
addition of DOC. The response to the increased DOC concentrations was very sensible to
type and amount of the added DOC. The slopes resulting from the DOC addition, (the more
natural treatment) were quite similar to slopes found by Ahmerkamp et al. (2017). Added
concentration of high DOC were only half as high as high concentrations found in the field
(1.04 mmol l−1 compared to 2.18 mmol l−1, Westphal, unpubl. data). The background DOC
concentrations (0.5 mmol l−1), however were comparable to lower concentrations found in
the field (0.4 mmol l−1, Westphal, unpubl. data). The reaction of benthic volumetric oxygen
consumption rates to increased flow rates and/ or increased dissolved organic matter has been
found before for other sediments in the Middle Atlantic Bight (Rusch et al. 2006). Compa-
rable with our investigations for the study area in the Baltic Sea, Rusch et al. (2006) argue
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rates to be determined by the availability of organic matter (in quality and quantity) and the
metabolically active biomass.
Adding nutrition in form of living particles did not achieve any effect on the volumetric
oxygen consumption rates. We did however, observe an effect on the permeability of the
treated sediment. Obviously even though the applied algae cells do not resemble a useful
substrate for nutrition, the addition of algae might have an effect on the sediment in the field.
As the permeability decreased with the establishment of a biofilm it might lead to a reduction
of oxygen penetration depth. Consequently oxygen would be available for a smaller sediment
volume and the TOU would probably decrease with increased undegradable algae material.
Nevertheless, contrasting to the flow-through cores, advective flushing could lead to the
removal the algae cells from the uppermost sediment layer in the field. Instead of clogging
the pore spaces algae cells would not remain in the uppermost sediment layer and thus the
permeability in the field would probably not change if under advective conditions in contrast
to the changed permeability in the laboratory treatment. This phenomenon was observed by
Huettel et al. (2007) at the Hel Peninsula in the Baltic Sea.
Even though the complex interplay of the different porewater processes which increase
TOU is not fully understood and we are still far away from predictions, a general picture
can be established in terms of increasing of wave heights. With the up shift of height and
length of a wave, the boundary flow velocity is increased. In the interaction with ripples,
the dp can rise, leading to an enlargement of the oxic volume in permeable sediments. With
an enlarged oxic volume, the TOU can increase if fuelled. Additionally the porewater flow
velocity will be faster in some points (Huettel et al. 1998), hence increasing the volumetric
oxygen consumption in these parts. The increase of TOU due to the advective influence is
thus dependent on the distribution of O2 in the sediment and the porewater flow velocity
induced.
4.3 Field parameters
Wanting to be able to extrapolate the studied processes in situ and ex situ to sediment
characteristics found at the field site, we needed to investigate the field parameters (Objec-
tive 1). The field site was more heterogeneous in terms of sediment characteristics than
suggested by early pre-investigations.
C:N ratios derived from the measurements in our studied area ranged from 7.7 to 16 as
sampled in July or October. C:N ratios in the Baltic would generally be expected to be
between 8.4 and 9.5 as the main source of organic carbon in the Baltic is primary production
(Leipe et al. 2011). Higher C:N ratios suggest input of terrestrial matter or old organic matter
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in the system. Contents of organic carbon in our study area ranged from 0.09 - 0.2% DW.
These contents were similar to 0.1% DW in the shallow areas of the Baltic Sea observed by
Leipe et al. (2011). Premuzic et al. (1982) estimated the organic content in the Baltic to be
∼2% DW in a world map which was, however very broad and did not differentiate between
areas within the Baltic. The range of TOC in the North Sea was similar with described
contents of 0 - 2.8% DW (Neumann et al. 2017b).
Chl a concentration was also similar to values measured previously in the Baltic Sea.
Josefson et al. (2012) found values of 0.04 to 8.92 µg cm−3 which were within the range of
concentrations found in our study area (0.2 - 11.4 µg cm−3). Generally we found the deeper
stations to have ∼twice as much chl a as the shallower stations. This distribution of chl a was
also shown by Sundba¨ck et al. (1996) at the Swedish West Coast.
From the chl a concentrations, a carbon content was calculated (Table 4) which can then
be compared to the total carbon estimated via LOI. Assuming the carbon from chl a concen-
trations to be fresh organic carbon, we could estimate a percentage of fresh to total carbon
in the system. The supply of carbon was very different in quality at the different stations. St
13 had the highest percentage of fresh carbon with 23%, while St 23 had a lower content of
fresh carbon with 19%. St 41 had the lowest percentage of fresh carbon with only 6%.
Permeability is an important factor regarding the advective influence on oxygen uptake
of sediments. Permeability in the study area ranged over two orders of magnitude from
0.5∗10−11 m2 – 11.3∗10−11 m2 for the upper 5 m. Thereby permeability thresholds for pore-
water flows to occur are controversially discussed. As noted earlier, when wanting to define
a permeability threshold we might have to differentiate between advective influence on oxy-
gen uptake and advective influence in general. One estimated threshold was 0.25∗10−11 m2
(Forster et al. 1996, 2003; Huettel and Gust 1992a; Glud et al. 1996) and based on dye or bro-
mide as a tracer. In his dissertation Ahmerkamp (2016) already discussed this threshold and
concluded “for typical pressure gradients of around 2 Pa and bed forms with wavelengths of
λ = 0.2 m and heights of η = 0.02 m (Janssen et al., 2012) and a typical diffusion coefficient
of around 10−9 m2 s−1 a permeability of 5∗10−12 m2 denotes the limit where advection starts
to dominate the system” (Ahmerkamp 2016). The critical permeability is thus still debated.
Assuming a critical permeability of 0.25∗10−11 m2, the study area could be defined to be
permeable for ∼93% of the area (93% of the stations). A porewater exchange due to advec-
tive forcing should thus be possible in almost the entire the study area. However, looking
at results from the laboratory it becomes clear that permeability cannot be defined by one
value. Results from our laboratory experiments could suggest a critical permeability for the
advective effect on oxygen uptake of 0.75∗10−11 m2. If analysing the study area with this
redefined threshold of permeability (Figure 27, black line), only 80% could be considered
to be permeable. Forster et al. (2003) discussed the permeability of the Southern Baltic Sea
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and concluded 82% of calculable area to be permeable (with a permeability of >2.5∗10−12
m2). If setting the permeability threshold slightly higher to 7.5∗10−12 m2 as suggested from
our results and reestimating the permeability of the Southern Baltic Sea, less than 48% in
the Baltic Sea could be regarded as permeable and subject to advective influence on oxygen
uptake. The threshold for measurable permeability effects on the oxygen uptake is thus crit-
ical for extrapolations. Janssen et al. (2005a) expected for the German Baltic seafloor only
3% to have the necessary high permeabilities which would be subject to advective influence.
Their study was based on oxygen uptake rates.
A few studies investigated the advective influence in dependence of current velocities
and sediment characteristics. The advective influence is dependent on the interaction of
velocity strength, topography and permeability (Forster et al. 1996; Huettel et al. 1996, 1998;
Reimers et al. 2004; Ahmerkamp et al. 2017). Summarizing the onset of effects in different
studies, effects can be seen for grain sizes >207 µm and permeability >2∗10−11 m2. This
fits quite well to the results of our study. The only station where an effect of advection on
TOU could be observed in our study had a permeability of 3.2∗10−11 m2. If taking this
critical permeability value above >2∗10−11 m2 suggested by the different authors (Forster
et al. 1996; Huettel et al. 1996, 1998; Reimers et al. 2004; Ahmerkamp et al. 2017), only 3
out of 15 stations in our study area (20%) could be regarded as permeable (rounded values,
Figure 27, dotted black line). Including stations with a permeability of exactly 2∗10−11 -
m2 into the area assumed to be permeable, increased their number to 7 and the permeable
area to 47%. Generally a stronger influence could be observed for stations with a higher
permeability (Janssen et al. 2005a) and while the threshold might be debatable, it is clearly
above 2.5∗10−12 m2!
A study by Kreuzburg et al. (2018) divided the study area in three grain size areas (divided
into A, B and C based on the phi scale). The only station found to be permeable for an
advective effect on oxygen uptake in our study, would be within the B category. We thus
assumed that the C area and the B area in their study could be counted to the permeable area
(with grain sizes roughly fitting to the above mentioned threshold of 2∗10−11 m2). According
to their published map this would amount to 1/3 - 1/2 of the study area, agreeing with the
discussed permeable area in our study. The permeable area was found to be mostly in the
north of the study area (our study, Kreuzburg et al. 2018).
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Figure 27: Permeability in the study area with a changed permeability threshold of 7.5∗10−12 m2 as marked
with a black line and a potential threshold of 2∗10−11 m2 as marked with a dotted black line. Permeability in
this graph was measured for the top 5 cm.
Permeable sediments are only subject to advective influence in combination with cur-
rents. Currents in the study area were deducted from wave measurements as the Baltic Sea is
a micro tidal system and currents are mainly wind driven. Generally wave driven advection
would take place in permeable sediments if water depth is <wavelength/2 (Precht and Huet-
tel 2003a). Precht and Huettel (2003b) summarized different regions on the sea floor with
respect to waves affecting advective fluxes (according to the basic wave theory). The study
area belonged to an area of ”episodic wave ripple interaction”, meaning the sediment to be
episodically reached and affected by waves.
For the investigated area with an approximate water depth of 4.5 m, only wavelength of
more than ∼9 m would reach the sea floor and and interact with the sediment topography.
Regarding the observed wave length ranging from ∼3 m to 50 m as measured in the study
area (AWAC measurements Apr to July 2017, unpubl. data) ∼70% of waves could fulfil this
requirement and lead to an advective effect. Waves occurring in the study area were quite
variable, with larger waves occurring only for shorter time scales while smaller waves (∼0.2
m) occurred frequently also for longer time scales.
The velocities resulting from waves were mostly below 0.2 m s−1. However very slow
velocities (0.04 m s−1) were most frequent. These velocities were slower than velocities
measured due to inflow events (Burchard et al. 2005, 2009). Nevertheless, also slow veloci-
ties would be able to induce advective flow; however the strength of advective input would
accordingly be smaller. Generally we can state from literature analysis an influence of cur-
rents to be visible already at very slow velocities of ∼2 cm s−1, if the sediment is permeable
(Forster et al. 1996; Huettel et al. 1996, 1998; Reimers et al. 2004; Ahmerkamp et al. 2017).
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Faster velocities could lead to stronger effects. In an example calculation by Precht and
Huettel (2003b) (a study on filtering rates), an increased velocity from 0.1 to 0.25 m s−1 led
to a ∼6-fold increased effect. In our study we could observe an increase in metabolic uptake
already for a velocities of 0.04 m s−1, however stronger velocity would possibly lead to an
even higher oxygen uptake.
Figure 28: Sketch of different possible states of oxygen uptake and the influence of advection. Wind was
plotted only exemplary without any real data; the black line shows the potential increase in metabolism (also
depicted as grey areas); the yellow line shows metabolism based on sedimentation; the dark yellow line shows
metabolism based on stored organic matter (background metabolism). Background metabolism rates and pri-
mary production rates were based on (Graf et al. 1983; Smetacek 1984; Rumohr et al. 1987).
Combining all parameters we can in principle define the states when in permeable sed-
iments advective influence takes place or not (Figure 28). An influence on oxygen uptake
is closely coupled to nutritious input and thus in the Baltic Sea mainly linked to primary
production. Figure 28 depicts a yearly cycle with spring and autumn bloom (green line) and
the resulting sedimentation of organic matter (yellow line). Additionally a basic curve shows
the metabolism due to stored organic carbon in the sediment (dark yellow line). The black
line shows the potential metabolism which is affected by advective input and dependent on
wind and sedimenting organic matter as a yearly cycle. Without primary production, advec-
tive forcing due to wind would lead to higher oxygen values in the sediment but without any
measurable effect on oxygen uptake (Figure 28, February). Increased oxygen uptake is thus
depended on wind forcing or currents in combination with sedimented organic carbon due to
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primary production. Only with high advective forcing during a spring or autumn bloom for
example, oxygen uptake could be influenced (Figure 28, March, October/ November, grey
areas). Regarding a yearly cycle, the increased oxygen uptake would depend on the com-
bination of carbon input, advective influence and permeablility of sediments. Extrapolating
TOU as a yearly cycle dependent only on one parameter would always over- or underesti-
mate oxygen uptake in an area.
4.4 Faunal oxygen uptake
When wanting to understand field data on TOU, it is not sufficient to regard only sedi-
ment characteristics. For the field investigations it is necessary to include the fauna present
in measurement areas (Objective 3). Schade et al. (2019) measured the respiration rates of
M. arenaria as a function of their dry weight to assess the contribution of this prominent
fauna element. Like most sediment organisms, M. arenaria induces a direct effect on TOU
through its respiration and an indirect effect due to the input of oxygenated water into the
sediment. Schade et al. (2019) only estimated its respiration rate. The indirect influence on
TOU increase due to increased oxygen input into the sediment by the bivalve has only rarely
been studied. The existing studies examining both these effects of M. arenaria on sediment
respiration differ in their values. Studies examined either the increase in TOU or solely the
leakage of water into the sediment due to M. arenaria (Forster and Zettler 2004; Michaud
et al. 2005, 2006). M. arenaria was found to increase the TOU with a factor of 1.2 - 1.6
due to the combined effect of respiration and indirect influence by 6 individuals (Michaud
et al. 2005). The leakage of water into the surrounding sediment was estimated to be <1%
(Forster and Zettler 2004), and thus rather low. M. arenaria’s influence on TOU despite their
respiration seems to be rather low. A thesis work by Camillini (2017) however, measured
an increased TOU with a factor of ∼3.6 due to the occurrence of an M. arenaria individual
in a core with a dieamter of 9.5 cm. In his study half of the additional oxygen uptake was
due to the respiration of M. arenaria itself, while half of the increase in oxygen uptake was
due to an increased input of oxygen into the sediment. The factor of additional input due to
a “leaking” of M. arenaria varied extremely. As discussed earlier, the reaction of the sed-
imentary oxygen uptake is dependent not only on the oxygen input itself but also strongly
on the availability of usable substrate. The factor of 3.6 was found by Camillini in sediment
used in their experiment, it could be too high for different sediments, like the sediments in
our experiments. The increased oxygen uptake due to advective input measured in our study
area was rather low (see results) and the organic carbon values were additionally low. Thus,
we assumed the increased oxygen input into the sediment byM. arenaria to be small and too
low to result in pronounced differences in bacterial respiration in our study. Increased TOU
due toM. arenariawas thus solely assumed to result from the respiration of the bivalve itself.
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In this study, calculations of respiration rates by different faunal species focused on M.
arenaria, Marenzelleria spp. and H. diversicolor. Marenzelleria spp. and H. diversicolor
showed similar abundances in the studied area. Increases in TOU due to these two polychaete
species could be calculated according to published literature. Regarding the polychaetes
we calculated both, the respiration by the polychaetes themselves and the increase in TOU
due to the increased oxygen input into the sediments by the polychaetes (due to burrowing
activities).
For the calculation of the respiration rate we used a formula published by Mahaut et al.
(1995) for both species. Respiration of H. diversicolor was also estimated based on several
studies (Nithart et al. 1999; Braeckman et al. 2010; Gebhardt 2013). Respiration rates cal-
culated with these other publications led to slightly different results than the respiration rate
calculated in our study. Nevertheless calculated respiration rates using other publications
(0.01 – 0.04 mmol O2 m
−2 d−1) were reasonably similar to the respiration calculated in our
study (0.01 – 0.07 mmol O2 m
−2 d−1). As respiration differed only slightly using formulae
from different studies, we assume the calculated rates in our study to be reliable. However,
calculated respiration rates for H. diversicolor were rather low as the abundance was rel-
atively low in the studied area (the variation in the calculated respiration rate for different
calculations was thus naturally low).
The respiration rate for burrowing polychaetes is only a minor part when regarding the to-
tal increase in TOU which polychaetes induce. The increased oxygen input into the sediment
due to their burrowing activities has a considerably higher influence on the TOU compared
to their respiration input (Kristensen et al. 2012; Renz and Forster 2014). Studies on H.
diversicolor have shown the increase in TOU to be mainly due to the polychaetes’ input of
oxygen into the sediment due to burrow ventilation (Kristensen et al. 1985; Christensen et al.
2000).
Change in oxygen uptake in sediments due to burrow activities was roughly estimated for
both polychaetes using literature. As already discussed for M. arenaria, an increase in TOU
due to the increased supply of oxygen to the sediment by any species is also dependent on
the organic matter in the sediment. As the oxygen input into the sediment by polychaetes
is rather high in general compared to M. arenaria, we nevertheless assumed this strong in-
fluence. As organic content in the sediment was rather low in our study, we have to keep in
mind that the calculated additional oxygen uptake due to the abundance of the polychaetes
is probably overestimated.
When calculating increases in TOU with single species values, it is important to realize
that the additional influence on TOU due to oxygen input into the sediment depends on abun-
dance. The input of each species is dependent on the interaction between different species
and interaction between the individuals. Also the individual contribution to TOU decreases
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with higher abundance of species or with higher species diversity (Mermillod-Blondin et al.
2005; Duport et al. 2006; Hale et al. 2014). For this reason, calculating the contribution to
TOU input of single individuals and species based on simple multiplication of abundance
and individual additional oxygen transport, is thus possibly often an overestimation.
When analysing TOU rates at field stations, the partial input on the TOU by the abun-
dant macrofauna is of interest. Macrofauna distribution in the study area was heterogeneous;
therefore the increased TOU rates due to macrofauna would be expected to be heterogeneous
as well. Increase in TOU by the different macrofauna was calculated for the most abundant
species to be able to estimate the contribution of these species and how much of the variation
between TOU replicates can be explained by the macrofauna. We have to consider an under-
estimation of large and deeply burrowed species from our study area macrofauna sampling.
Infauna usually inhabits the upper 10− 50 cm of sediments (Bertics and Ziebis 2009; Aller
2014) and larger animals burry deeper than smaller individuals (Zaklan and Ydenberg 1997).
Sediments in our study area were unfortunately only sampled down to 15 cm.
Regarding two TOU measurements during our study in the lab (Langenwerder 1 and 2),
an increase in TOU was calculated for Marenzelleria spp. At this station the difference in
TOU rates between two incubations could almost entirely be explained by the difference in
abundance of Marenzelleria spp. The calculated increase in TOU due to this polychaete
was very close to the difference in TOU rates between those two incubations (31 mmol O2
m−2 d−1 with 13 mmol O2 m
−2 d−1 by Marenzelleria spp. and 16 mmol O2 m
−2 d−1 with
2 mmol O2 m
−2 d−1 by Marenzelleria spp.).
The calculations to our field incubations resolved the difference only partly. Proportion
of TOU due to the most abundant macrofauna was calculated for two stations in our study
area. The estimated oxygen uptake based on macrofauna abundance showed macrofauna to
contribute 20% to TOU at St 13 and 5% to TOU at St 23. M. arenaria itself contributed
16% to TOU at St 13 and 4% to TOU at St 23. M. arenaria was the species with the highest
proportion of TOU at both stations, it can thus explain partly the difference in TOU between
those two stations. Of 16 mmol O2 m
−2 d−1 difference, 4.4 mmol O2 m
−2 d−1 could be
explained by the higher abundance and respiration of M. arenaria at St 13 (amounting to
25%).
Also in parallel chambers the difference in respiration of M. arenaria could explain the
difference in TOU of the chambers to some extent. The calculated respiration ofM. arenaria
at St 13 between different replicates varied from 1.1 to 6.7 mmol O2 m
−2 d−1 while the
difference between TOU measured in these replicates varied from 24 – 35 mmol O2 m
−2
d−1. Unfortunately there was no data available on the abundance within each core, so the
difference in abundance between each replicate could only be estimated due to the parallel
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sampling at the same station. The difference between the calculated respiration was close to
the difference between the replicates and could explain up to 50% of variation.
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5 Conclusion and Outlook
More than 45% of the inner continental shelf is covered with sands. Sandy sediments
were originally thought to be sites of low biogeochemical forcing (Boudreau et al. 2001)
as they have low organic contents and lower bacterial abundances compared to muddy sites
(Rusch et al. 2003). Nevertheless these sites are nowadays reconsidered as possible sites
of comparatively strong mineralization rates due to advective porewater flow and resulting
stronger biogeochemical reaction rates than previously thought (Huettel and Webster 2001;
Santos et al. 2012; Huettel et al. 2014; Lipka et al. 2018). The role of sediments differ
between areas and advective porewater flow does not necessarily lead to increased mineral-
ization rates in all areas. We investigated the advective influence on sediments in a sandy
area in the Baltic Sea.
In contrast to expected strong mineralization rates due to advective influence, oxygen
uptake rates were less dependent on advective processes than expected and the effect of
advection was less pronounced than estimated. Laboratory results showed the increase in
advective forcing not to result in a change in oxygen uptake even for possibly permeable
sediments. The critical permeability for an advective influence on oxygen uptake needs to be
reconsidered as the critical permeability on advective influence using non-biologically active
tracers (as dye for example) seems to define a general critical threshold. This general thresh-
old does not seem to hold true for advective influence on TOU. The critical permeability for
advection to affect TOU can be redefined to some value between 0.75 and 2∗10−11 m2, as
TOU by sediment with a lower permeability was not affected in our study. Generally we
can state from our observations that advection has less impact on oxygen uptake rates than
originally thought in our study area.
A dependence of oxygen uptake rates on flow velocity was nevertheless shown for most
sediments in through-flow chambers, as well as a dependence on organic carbon input. Ap-
plying estimated findings to sediment characteristics showed sediments found in the study
area to be permeable for parts of the area. We estimated 47 - 80% of the area to be perme-
able and possibly subject to advective influence on oxygen uptake. As only approx. 70%
of waves would reach the sea floor, the possibility of an advective process to influence TOU
would further decrease to 33 - 56%.
Oxygen uptake rates are dependent on primary production and vary seasonally, therefore
the measured oxygen uptake rates cannot account for oxygen uptake rates measured at dif-
ferent times. To achieve a more detailed observation of oxygen uptake rates throughout the
year and be able to estimate a yearly cycle, benthic chambers would need to be deployed
several times throughout the year. Variations in oxygen uptake rates would nevertheless be
observed due to a strong heterogeneity of benthic diatoms, fauna and sediment characteris-
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tics. A possible solution to deal with less variability in the future could be the deployment of
more replicates. However, each chamber is very costly and increasing the amount of cham-
bers might not give less variable rates after all. A study by Janssen et al. (2005a) deployed
5-8 replicates and variation between replicates in their study was very high as well (± up to
>100%). Generally strong variations are present in all seas. To extrapolate mineralization
rates to larger areas and to a yearly cycle, a more detailed assessment throughout the year
would be necessary.
The velocity as mimicked by the benthic chambers was estimated to resemble the flow
velocities measured in the study area rather well. Benthic chambers were thus a reliable
method for oxygen uptake measurements under increased advective forcing in our study
area, despite the strong variation between replicates. Extrapolating results for increased ad-
vective flow strength, the influence of advection on oxygen uptake would need to be assessed
for varying flow rates. Nevertheless, as a large part of the area did not seem to react with
increased oxygen uptake rates on advective forcing, the impermeable part of the area would
not need to be assessed.
We established a reliable calculation of respiration rate for M.arenaria and estimated its
contribution in our study area to be up to 16% of TOU. The most abundant polychaetes
were calculated to constitute less to TOU. Generally respiration by macrofauna was lower
compared to other areas in the Baltic Sea (compare Powilleit unpubl data St 44/ Seekanal in
Schade et al. (2019)). Approximations of macrofaunal oxygen uptake rates are ambiguous as
they depend on many factors. Here is a need for further investigations. One main uncertainty
is still the increasing oxygen uptake of sediments due to increased oxygen supply into the
sediment by indirect effects of macrofauna. This effect has been studied for polychaetes and
M.arenaria in some studies. Nevertheless as changes in oxygen uptake rates differ between
sediments, a detailed study observing the indirect effect is required for different species in
different sediments.
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Figure A.1: Map of the study area with all stations. Stations sampled in this study were marked in dark
green; stations with benthic chamber deployment are marked in red; the AWAC is marked in blue and all other
stations are part of the sampling grid used in the Baltic Transcoast Project but were not sampled in this study
(https://www.flopp-caching.de/; Google Maps).
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Table A.1: Sampling dates for the characterization of the study area. In situ sampling dates are marked with
an asterisk. In cases of fewer stations analysed, analysed stations are denoted in brackets.
Date Chl a Permeability Grain Size Analysis C and N
April 2016 x x x
July 2016 x (31, 35, 1, 5)
October 2016 x (45, 23, 41)
July 2017 * x (23, 41) x (23, 41) x (23, 41) x (23, 41)
August 2018 * x (13) x (13) x (13) x (13)
Table A.2: Coordinates and water depth of all sampled stations.
Station Water depth [m] North East
1 5 54° 12.620094 12° 8.435394 ’
3 3 54° 12.473646 ’ 12° 8.772066 ’
5 2.4 54° 12.323994 ’ 12° 9.107124 ’
11 4.7 54° 12.93969 ’ 12° 8.737302 ’
13 6 54° 12.796272 ’ 12° 9.077196 ’
15 2.6 54° 12.650214 ’ 12° 9.41451 ’
21 5.6 54° 13.290102 ’ 12° 9.051444 ’
23 5.6 54° 13.148592 ’ 12° 9.390048 ’
25 3 54° 13.005558 ’ 12° 9.729936 ’
31 3.4 54° 13.643856 ’ 12° 9.357858 ’
33 6.5 54° 13.50462 ’ 12° 9.702258 ’
35 2 54° 13.364622 ’ 12° 10.044078 ’
41 6.2 54° 14.002074 ’ 12° 9.674574 ’
43 6 54° 13.859844 ’ 12° 10.01511 ’
45 4.4 54° 13.716858 ’ 12° 10.354356 ’
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Table A.3: Permeability at sampled stations in the study area.
Date Station k [m2]
*10−12
SD [m2]
*10−12
Core length
[cm]
Samples
160414 1 11.2 1.36 5 1
160414 1 9.99 2.4 10 1
160414 1 7.28 1.66 15.5 1
160414 3 11.7 3.51 3.5 1
160414 3 NA NA 10 1
160414 3 NA NA 15 1
160414 5 15.6 1.1 5 1
160414 5 12.4 1.24 9.5 1
160414 5 NA NA 15 1
160414 11 7.36 0.50 5 1
160414 11 5.56 0.65 10 1
160414 11 5.12 0.62 15 1
160414 13 7.48 0.66 5 1
180830 13 6.43 1.71 5.17 3
180830 13 4.63 1.46 9.17 3
160414 13 5.56 0.99 10 1
180830 13 0 0 13.45 2
160414 13 NA NA 15 1
160414 13 5.12 0.85 15 1
160414 15 17.4 1.1 5 1
160414 15 18 1.19 8 1
160414 15 NA NA 15 1
160414 21 4.75 0.88 5 1
160414 21 7.92 0.89 10 1
160414 21 7.75 1.08 15 1
160414 23 13.9 1.08 5 1
170727 23 15.9 3.34 5.17 3
170727 23 13.3 0.13 9.83 3
160414 23 14.4 1.76 10 1
170727 23 13.1 1.4 13.67 3
160414 23 8.53 0.76 15 1
160414 25 16.1 1.45 5 1
160414 25 16.1 1.32 10 1
160414 25 14.7 1.13 15 1
160414 31 72.4 14.9 5 1
160414 31 73.5 11.1 10 1
160414 31 84.3 8.91 15 1
160414 33 13.3 0.67 5 1
160414 33 1.63 0.58 10 1
160414 33 0.21 0.08 13 1
160414 35 17.4 1.44 5 1
160414 35 17.4 1.83 10 1
160414 35 12 0.94 13.5 1
160414 41 31.8 2.34 5 1
170729 41 37.5 12.2 5.67 3
170729 41 26 0.097 9.7 3
160414 41 28.7 2.34 10 1
170729 41 19.6 0.25 12.15 2
160414 41 24.4 1.61 15 1
160414 43 113 10.2 5 1
160414 43 NA NA 10 1
continued on next page
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Date Station k [m2]
*10−12
SD [m2]
*10−12
Core length
[cm]
Samples
160414 43 NA NA 15 1
160414 45 12.4 1.11 5 1
160414 45 12.1 0.94 9 1
Table A.4: C:N ratios and C and N contents as measured in the study area on various stations, C in mg cm−3
was calculated using an average content of 1.67 mg sediment cm−3 measured in the sampling campaign in
April 2016. C contents are given in values measured with filtered sediment.
Station Sediment depth
[cm]
C:N C [mg g−1] N [mg g−1] C [mg
cm−3]
n C (Sed) [mg
cm−3]
1 0-1 11.7 ± 0 1.8 ± 0.5 0.2 ± 0.0 2.9 2
1 4-5 16.6 ± 2.4 1.8 ±1.0 0.1 ± 0.1 2.9 3
1 9-10 17.8 ± 1.9 2.2 ± 1.1 0.1 ± 0.1 3.7 3
5 0-1 8.6 ± 0.3 0.5 ± 0.2 0.1 ± 0.0 0.9 3
5 4-5 16.0 ± 2.4 1.1 ± 0.2 0.1 ± 0.0 1.8 3
5 9-10 14.3 ± 3.3 1.6 ± 1 0.2 ± 0.1 2.7 3
23 0-1 16.0 2.7 0.2 4.5 2 2.0 ± 0.1
23 4-5 24.4 ± 5.6 1.8 ± 0.8 0.1 ± 0.0 3.1 3 1.8 ± 0.2
23 9-10 27.6 ± 3.2 2.2 ± 0.6 0.1 ± 0.0 3.6 3
31 0-1 17.8 3.3 ± 0.2 0.2 ± 0.0 5.5 2
31 4-5 6.2 ± 0.2 1.1 ± 0.4 0.2 ± 0.1 1.9 3
31 9-10 8.7 ± 0.6 2.2 ± 0.6 0.3 ± 0.1 3.6 3
35 0-1 7.7 ± 0.8 2.1 ± 0.2 0.3 ± 0.0 3.5 3
35 4-5 9.0 ± 0.8 1.9 ± 0.5 0.3 ± 0.1 3.2 3
35 9-10 7.3 ± 0.3 1.3 ± 0.1 0.2 ± 0.0 2.1 3
41 0-1 14.2 1.9 0.2 3.1 1 2.9 ± 0.4
41 4-5 24.6 ± 9.8 3.3 ± 1.2 0.2 ± 0.1 5.5 3 4.6 ± 0.7
41 9-10 37.0 ± 6.9 4.0 ± 0.9 0.1 ± 0.1 6.7 3 9.1 ± 1
45 0-1 15.7 3.8 0.3 6.4 2
45 4-5 5.0 1.3 0.3 2.2 1 1.7
45 6-7 27.3 1.8 0.1 3.0 2
Table A.5: Chl a values for all samples analysed with a distance to the shore of 50 m. Standard deviation given
for all values with >2 replicates.
Sampling
date
Station Sediment
depth [cm]
Average [µg
ml−1]
SD [µg
ml−1]
n
160416 5 0.5-1 1.9 0.2 3
160416 5 0-0.5 2.5 0.2 3
160416 5 1.5-2 2.1 0.0 3
160416 5 1-1.5 2.3 0.0 3
160416 5 2.5-3 2.0 0.1 3
160416 5 2-2.5 2.2 0.1 3
160416 5 3-4 1.8 0.0 3
160416 5 4-5 2.0 NA 1
160416 5 5-6 2.0 NA 1
160416 5 6-7 2.4 NA 1
continued on next page
92
A. Appendix
continued from last page
Sampling
date
Station Sediment
depth [cm]
Average [µg
ml −1]
SD [µg
ml −1]
n
160416 5 7-8 2.7 NA 1
160416 5 8-9 2.7 NA 1
160416 5 9-10 2.1 NA 1
160728 5 0.5-1 4.8 NA 1
160728 5 0-0.5 5.6 NA 1
160728 5 1.5-2 3.7 NA 1
160728 5 10-12 2.9 NA 1
160728 5 1-1.5 3.8 NA 1
160728 5 12-14 2.4 NA 1
160728 5 14-16 1.9 NA 1
160728 5 2.5-3 3.0 NA 1
160728 5 2-2.5 3.3 NA 1
160728 5 3-4 2.8 NA 1
160728 5 4-5 2.2 NA 1
160728 5 5-6 1.9 NA 1
160728 5 6-7 2.3 NA 1
160728 5 7-8 2.1 NA 1
160728 5 8-9 2.2 NA 1
160728 5 9-10 2.2 NA 1
160416 15 0.5-1 2.5 0.0 3
160416 15 0-0.5 3.3 0.0 3
160416 15 1.5-2 3.0 0.1 3
160416 15 1-1.5 2.9 0.1 3
160416 15 2.5-3 2.1 0.1 3
160416 15 2-2.5 2.4 0.2 3
160416 15 3-4 1.7 0.1 3
160416 15 4-5 1.6 NA 1
160416 25 0.5-1 3.4 0.0 3
160416 25 0-0.5 3.6 0.2 3
160416 25 1.5-2 3.5 0.1 3
160416 25 1-1.5 3.4 0.2 3
160416 25 2.5-3 1.7 0.0 3
160416 25 2-2.5 2.7 0.2 3
160416 25 3-4 1.2 0.0 3
160416 25 4-5 1.3 0.0 3
160416 25 5-6 1.3 NA 1
160416 25 6-7 1.3 NA 1
160416 25 7-8 1.3 NA 1
160416 25 9-10 1.3 NA 1
160416 35 0.5-1 2.2 0.1 3
160416 35 0-0.5 2.3 0.1 3
160416 35 1.5-2 2.0 0.1 3
160416 35 1-1.5 2.1 0.1 3
160416 35 2.5-3 1.7 0.0 3
160416 35 2-2.5 1.7 0.1 3
160416 35 3-4 1.5 0.0 3
160416 35 4-5 1.5 NA 1
160416 35 5-6 1.6 NA 1
160416 35 6-7 1.8 NA 1
160416 35 7-8 1.7 NA 1
160416 35 8-9 1.8 NA 1
160416 35 9-10 1.8 NA 1
160728 35 0.5-1 2.2 NA 1
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Sampling
date
Station Sediment
depth [cm]
Average [µg
ml −1]
SD [µg
ml −1]
n
160728 35 0-0.5 2.1 NA 1
160728 35 1.5-2 2.2 NA 1
160728 35 10-12 1.0 NA 1
160728 35 1-1.5 2.2 NA 1
160728 35 12-14 1.1 NA 1
160728 35 2.5-3 1.5 NA 1
160728 35 2-2.5 2.1 NA 1
160728 35 3-4 1.8 NA 1
160728 35 4-5 1.6 NA 1
160728 35 5-6 1.3 NA 1
160728 35 6-7 1.3 NA 1
160728 35 7-8 1.0 NA 1
160728 35 8-9 1.1 NA 1
160728 35 9-10 1.1 NA 1
160416 45 0.5-1 3.1 0.2 3
160416 45 0-0.5 3.7 0.0 3
160416 45 1.5-2 2.6 0.1 3
160416 45 1-1.5 2.8 0.1 3
160416 45 2.5-3 2.4 0.1 3
160416 45 2-2.5 2.6 0.1 3
160416 45 3-4 2.4 0.1 3
160416 45 4-5 2.9 NA 1
160416 45 5-6 2.7 NA 1
160416 45 6-7 2.8 NA 1
160416 45 7-8 3.1 NA 1
160416 45 8-9 3.0 NA 1
160416 45 9-10 3.1 NA 1
161027 45 0.5-1 3.2 0.1 5
161027 45 0-0.5 3.3 0.2 5
161027 45 1.5-2 2.9 0.5 5
161027 45 10-11 2.8 NA 1
161027 45 1-1.5 3.0 0.3 5
161027 45 2.5-3 2.8 0.6 5
161027 45 2-2.5 2.9 0.4 5
161027 45 3-4 2.5 0.3 5
161027 45 4-5 2.3 0.3 4
161027 45 5-6 2.3 0.1 4
161027 45 6-7 3.4 1.5 4
161027 45 7-8 2.5 NA 2
161027 45 8-9 2.4 NA 2
161027 45 9-10 2.3 NA 1
Table A.6: Chl a values for all samples analysed with a distance to the shore of 550 m. Standard deviation
given for all values with >2 replicates.
Sampling
date
Station Sediment
depth [cm]
Average [µg
ml−1]
SD [µg
ml−1]
n
160416 3 0.5-1 7.5 0.2 3
160416 3 0-0.5 5.2 NA 1
160416 3 1.5-2 5.7 0.3 3
160416 3 1-1.5 6.4 0.3 3
continued on next page
94
A. Appendix
continued from last page
Sampling
date
Station Sediment
depth [cm]
Average [µg
ml −1]
SD [µg
ml −1]
n
160416 3 2.5-3 4.8 0.3 3
160416 3 2-2.5 5.5 0.1 3
160416 3 3-4 4.5 0.1 3
160416 3 4-5 3.3 NA 1
160416 3 5-6 2.7 NA 1
160416 3 6-7 2.5 NA 1
160416 3 7-8 2.0 NA 1
160416 13 0.5-1 6.4 0.1 3
160416 13 0-0.5 6.7 0.2 3
160416 13 1.5-2 6.4 0.2 3
160416 13 1-1.5 6.5 0.1 3
160416 13 2.5-3 5.6 0.1 3
160416 13 2-2.5 5.6 0.5 3
160416 13 3-4 6.4 0.5 3
160416 13 4-5 5.4 NA 1
160416 13 5-6 4.4 NA 1
160416 13 6-7 3.9 NA 1
160416 13 7-8 3.2 NA 1
160416 13 8-9 2.4 NA 1
160416 13 9-10 2.0 NA 1
160416 23 0.5-1 4.5 0.2 3
160416 23 0-0.5 6.2 0.6 3
160416 23 1.5-2 3.7 0.0 3
160416 23 1-1.5 3.5 0.7 3
160416 23 2.5-3 3.0 0.2 3
160416 23 2-2.5 3.2 0.1 3
160416 23 3-4 2.5 0.3 3
160416 23 4-5 3.2 NA 1
160416 23 5-6 4.6 NA 1
160416 23 6-7 3.4 NA 1
160416 23 7-8 11.4 NA 1
160416 23 8-9 8.4 NA 1
160416 23 9-10 6.4 NA 1
161027 23 0.5-1 6.3 1.2 5
161027 23 0-0.5 7.1 1.0 5
161027 23 1.5-2 5.0 0.7 5
161027 23 10-11 2.9 0.5 3
161027 23 1-1.5 5.4 0.6 5
161027 23 11-12 2.7 NA 2
161027 23 2.5-3 4.1 1.0 5
161027 23 2-2.5 3.9 0.4 5
161027 23 3-4 3.5 0.3 5
161027 23 4-5 3.4 0.3 4
161027 23 5-6 3.3 0.4 5
161027 23 6-7 3.2 0.1 4
161027 23 7-8 3.3 0.4 4
161027 23 8-9 3.0 0.2 3
161027 23 9-10 3.2 0.4 3
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Table A.7: Chl a values for all samples analysed with a distance to the shore of 1050 m. Standard deviation
given for all values with >2 replicates.
Sampling
date
Station Sediment
depth [cm]
Average [µg
ml−1]
SD [µg
ml−1]
n
160416 1 0.5-1 5.4 0.3 3
160416 1 0-0.5 5.4 NA 1
160416 1 1.5-2 3.5 0.1 3
160416 1 1-1.5 4.2 0.1 3
160416 1 2.5-3 3.3 0.1 3
160416 1 2-2.5 3.3 0.2 3
160416 1 3-4 3.6 0.1 3
160416 1 4-5 3.3 NA 1
160416 1 5-6 2.8 NA 1
160728 1 0.5-1 2.1 NA 1
160728 1 0-0.5 2.7 NA 1
160728 1 1.5-2 2.9 NA 1
160728 1 10-12 2.5 NA 1
160728 1 1-1.5 3.8 NA 1
160728 1 12-14 1.0 NA 1
160728 1 14-16 0.3 NA 1
160728 1 16-18 0.2 NA 1
160728 1 2.5-3 1.9 NA 1
160728 1 2-2.5 2.8 NA 1
160728 1 3-4 2.3 NA 1
160728 1 4-5 2.2 NA 1
160728 1 5-6 1.8 NA 1
160728 1 6-7 1.9 NA 1
160728 1 7-8 1.9 NA 1
160728 1 8-9 2.0 NA 1
160728 1 9-10 2.0 NA 1
160416 11 0.5-1 2.8 0.0 3
160416 11 0-0.5 3.0 0.1 3
160416 11 1.5-2 2.9 0.1 3
160416 11 1-1.5 2.9 0.0 3
160416 11 2.5-3 3.1 0.1 3
160416 11 2-2.5 2.9 0.1 3
160416 11 3-4 3.5 0.5 3
160416 11 4-5 3.4 NA 1
160416 11 5-6 3.6 NA 1
160416 11 6-7 4.0 NA 1
160416 11 7-8 4.0 NA 1
160416 11 8-9 3.4 NA 1
160416 11 9-10 4.6 NA 1
160416 21 0.5-1 4.5 0.0 3
160416 21 0-0.5 6.2 0.2 3
160416 21 1.5-2 3.6 0.1 3
160416 21 1-1.5 4.6 0.3 3
160416 21 2.5-3 4.1 0.1 3
160416 21 2-2.5 3.8 0.1 3
160416 21 3-4 4.2 0.3 3
160416 21 4-5 5.2 NA 1
160416 21 5-6 4.5 NA 1
160416 21 6-7 4.3 NA 1
160416 21 7-8 4.0 NA 1
continued on next page
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Sampling
date
Station Sediment
depth [cm]
Average [µg
ml −1]
SD [µg
ml −1]
n
160416 21 8-9 3.9 NA 1
160416 21 9-10 4.1 NA 1
160416 31 0.5-1 1.2 0.0 3
160416 31 0-0.5 1.9 0.2 3
160416 31 1.5-2 1.2 0.1 3
160416 31 1-1.5 1.2 0.0 3
160416 31 2.5-3 1.1 0.0 3
160416 31 2-2.5 1.3 0.1 3
160416 31 3-4 1.2 0.0 3
160416 31 3-4 1.4 NA 1
160416 31 4-5 1.2 0.0 3
160416 31 4-5 1.1 NA 1
160416 31 5-6 1.1 0.0 3
160416 31 5-6 1.1 NA 1
160416 31 6-7 1.2 0.0 3
160416 31 6-7 1.2 NA 1
160416 31 7-8 1.1 0.0 3
160416 31 7-8 1.1 NA 1
160416 31 8-9 1.3 0.1 3
160416 31 8-9 1.3 NA 1
160416 31 9-10 1.2 0.0 3
160728 31 0.5-1 1.6 NA 2
160728 31 0-0.5 1.9 NA 2
160728 31 1.5-2 1.4 NA 2
160728 31 10-12 1.4 NA 2
160728 31 1-1.5 1.6 NA 2
160728 31 12-14 1.4 NA 1
160728 31 14-16 1.4 NA 1
160728 31 16-18 1.5 NA 1
160728 31 18-20 2.0 NA 1
160728 31 2.5-3 1.2 NA 2
160728 31 2-2.5 1.4 NA 2
160728 31 3-4 1.3 NA 2
160728 31 4-5 1.2 NA 2
160728 31 5-6 1.3 NA 2
160728 31 6-7 1.0 NA 2
160728 31 7-8 1.3 NA 2
160728 31 8-9 1.4 NA 2
160728 31 9-10 1.3 NA 2
161027 31 0.5-1 3.2 0.6 3
161027 31 0-0.5 4.3 1.7 3
161027 31 1.5-2 2.7 0.4 3
161027 31 10-11 1.9 NA 1
161027 31 1-1.5 2.9 0.5 3
161027 31 2.5-3 2.6 0.5 3
161027 31 2-2.5 2.8 0.4 3
161027 31 3-4 2.3 0.5 3
161027 31 4-5 2.2 0.2 3
161027 31 5-6 2.2 0.3 3
161027 31 6-7 1.9 0.3 3
161027 31 7-8 1.7 0.1 3
161027 31 8-9 1.6 0.2 3
161027 31 9-10 1.6 0.2 3
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Sampling
date
Station Sediment
depth [cm]
Average [µg
ml −1]
SD [µg
ml −1]
n
160416 41 0.5-1 5.2 0.1 3
160416 41 0-0.5 5.5 0.2 3
160416 41 1.5-2 4.9 0.1 3
160416 41 1-1.5 5.4 NA 2
160416 41 2.5-3 4.2 0.2 3
160416 41 2-2.5 4.8 0.1 3
160416 41 3-4 4.1 0.1 3
160416 41 4-5 4.2 NA 1
160416 41 5-6 3.7 NA 1
160416 41 6-7 3.7 NA 1
160416 41 7-8 3.9 NA 1
160416 41 8-9 3.5 NA 1
160416 41 9-10 4.0 NA 1
161027 41 0.5-1 5.1 0.8 5
161027 41 0-0.5 6.7 1.4 5
161027 41 1.5-2 4.7 0.3 5
161027 41 10-11 4.2 0.2 3
161027 41 1-1.5 4.9 0.4 5
161027 41 11-12 3.6 NA 2
161027 41 12-14 3.4 NA 2
161027 41 14-16 2.4 NA 2
161027 41 16-18 0.7 NA 2
161027 41 18-20 0.1 NA 2
161027 41 2.5-3 4.5 0.5 5
161027 41 2-2.5 4.8 0.4 5
161027 41 3-4 4.3 0.6 5
161027 41 4-5 4.0 0.5 5
161027 41 5-6 4.3 0.3 5
161027 41 6-7 4.1 0.3 5
161027 41 7-8 3.9 0.3 4
161027 41 9-10 4.2 0.2 4
170728 41 0.5-1 6.6 0.2 3
170728 41 0-0.5 7.1 0.7 3
170728 41 1.5-2 6.5 0.3 3
170728 41 1-1.5 6.7 0.2 3
170728 41 2.5-3 7.0 0.8 3
170728 41 2-2.5 6.6 0.3 3
170728 41 3-4 6.9 0.4 3
170728 41 4-5 6.6 0.3 3
170728 41 5-6 5.4 0.9 3
170728 41 6-7 4.6 0.3 3
170728 41 7-8 3.9 NA 1
170728 41 8-9 3.0 NA 1
170728 41 9-10 1.8 NA 1
170724 23 0.5-1 7.5 0.4 3
170724 23 0-0.5 8.6 2.3 3
170724 23 1.5-2 6.5 0.2 3
170724 23 1-1.5 7.2 0.5 3
170724 23 2.5-3 6.1 0.4 3
170724 23 2-2.5 6.2 0.7 3
170724 23 3-4 5.9 0.3 3
170724 23 4-5 5.8 1.0 3
170724 23 5-6 5.8 1.2 3
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Sampling
date
Station Sediment
depth [cm]
Average [µg
ml −1]
SD [µg
ml −1]
n
170724 23 6-7 5.5 0.9 3
170724 23 7-8 5.4 0.3 3
170724 23 8-9 4.9 0.2 3
170724 23 9-10 4.6 0.1 3
160416 33 0.5-1 4.2 0.1 3
160416 33 0-0.5 4.4 0.1 3
160416 33 1.5-2 3.7 0.1 3
160416 33 1-1.5 4.3 0.1 3
160416 33 2.5-3 1.9 0.1 3
160416 33 2-2.5 2.4 0.2 3
160416 33 3-4 1.8 0.0 3
160416 33 4-5 1.9 0.0 3
160416 33 5-6 1.8 0.0 3
160416 33 6-7 1.7 0.0 3
160416 33 7-8 1.5 0.3 3
160416 33 7-8 1.7 0.1 3
160416 33 8-9 1.3 0.2 3
160416 43 0.5-1 3.1 0.2 3
160416 43 0-0.5 4.2 0.2 3
160416 43 1.5-2 3.2 0.4 3
160416 43 1-1.5 3.2 0.2 3
160416 43 2.5-3 4.6 0.1 3
160416 43 2-2.5 4.4 0.1 3
160416 43 3-4 4.4 NA 1
160416 43 4-5 4.8 NA 1
160416 43 5-6 4.9 NA 1
Table A.8: Raw data for the calculation of respiration rate to SFDW relationship. Values marked by 1 are all
values excluded from the calculation because oxygen concentration fell below 30% by the end of the measure-
ment period. Values marked by 2 are values added from a different experimental set up, these values were only
included into the respiration rate calculations.
Date
(2018)
Length [mm] SFDW [mg] T [°C] rr [mmol d−1
gS FDW
−1]
rrS ediment
[µmol h−1]
04.07. 9 2.2 15 0.34 0.85
06.07. 9 3.7 15 1.82 0.69
01.07. 11 4.4 15 0 1.27
04.07. 10 4.5 15 2.39 0.85
04.07. 10 5.2 15 0 0.85
01.07. 12 6.1 15 0 1.27
17.06. 14 9.3 15 0.38 0.97
01.07. 13 9.4 15 0 1.27
15.06. 15 17.0 15 0.3 1.47
20.06. 16 21.9 15 0 2.12
17.06. 21 52.3 15 0.27 0.97
15.06. 20 56.2 15 0.39 1.47
20.06. 23 64.5 15 0 2.12
17.06. 25 75.4 15 0.28 0.97
20.06. 25 83.8 15 0 2.12
15.06. 27 139.3 15 0.19 1.47
22.06. 30 171.2 15 0.09 0.69
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Date
(2018)
Length [mm] SFDW [mg] T [°C] rr [mmol d−1
gS FDW
−1]
rrS ediment
[µmol h−1]
22.06. 33 172.8 15 0.12 0.69
22.06. 31 180.1 15 0.09 0.69
27.06. 36 258.4 15 0.21 0.97
27.06. 38 362.3 15 0.11 0.97
13.06. 451 454.71 15 0.151 2.56
13.06. 481 578.61 15 0.471 2.56
06.07. 581 777.81 15 0.461 0.69
13.06. 501 799.41 15 0.471 2.56
29.06. 59 838.1 15 0.01 0.89
29.06. 561 967.21 15 0.401 0.89
27.06. 551 1150.11 15 0.171 0.97
29.06. 571 1157.71 15 0.141 0.89
06.07. 601 1239.81 15 0.171 0.69
22.07. 102 30.02 15 4.722 1.31
22.07. 102 35.02 15 02 -
08.08. 242 52.22 15 0.522 1.01
08.08. 272 109.12 15 0.402 1.01
08.08. 312 121.42 15 0.262 1.01
30.07. 502 631.32 15 0.082 1.19
30.07. 562 799.42 15 0.092 1.19
30.07. 572 888.52 15 0.082 1.19
3.06. 10 3.8 5 0.32 0.52
18.07. 11 5.5 5 0.46 0.89
8.06. 13 5.5 5 0.58 0.8
8.06. 11 8.0 5 0.16 0.8
8.06. 14 8.1 5 0.41 0.8
3.06. 15 11.5 5 0.50 0.52
6.06. 16 14.6 5 0.88 0.73
3.06. 14 15.1 5 0.48 0.52
16.05. 15 19.2 5 0 2.64
23.05. 18 32.6 5 0 2.62
6.06. 20 47.7 5 0.41 0.73
1.06. 19 54.2 5 0.19 0.82
1.06. 21 61.4 5 0.16 0.82
23.05. 23 70.8 5 0 2.80
15.07. 26 97.9 5 0.10 0.87
16.05. 24 105.8 5 0.12 0.83
15.07. 27 120.1 5 0 0.87
30.05. 29 144.2 5 0.06 0.58
16.05. 29 155.7 5 0.02 0.95
23.05. 31 187.5 5 0 2.34
30.05. 38 268.1 5 0.06 0.58
15.07. 35 280.3 5 0.11 0.87
23.05. 46 300.7 5 0 2.55
13.07. 41 399.9 5 0.01 0.47
16.05. 47 436.3 5 0 1.99
13.07. 44 454.5 5 0.02 0.47
30.05. 49 574.3 5 0.04 0.58
13.07. 48 651.4 5 0.02 0.47
1.06. 55 671.6 5 0.01 0.82
18.07. 59 1134.0 5 0.01 0.89
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Figure A.2: NMDS plot for abundance (A) and biomass (B) of macrofauna from the study area.
Figure A.3: Dendrogramm analysing all single replicate abundance (A) and biomass (B) macrofauna data.
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Table A.9: Nutrient values in the header tanks during the flow-through experiments. Nutrient values for the
different experiments measuring volumetric oxygen uptake rates in dependence of flow.
Experiment /
Fig 21
Date Header PO4
3−
[µmol l−1]
NO3
−
[µmol l−1]
NO2
−
[µmol l−1]
NH4
+
[µmol l−1]
SiO2
[µmol l−1]
I (Fig 21A) 19-03-18 W 1.5 72.7 0.6 1.5 39.2
I (Fig 21A) 19-03-18 S 0.3 4.0 0.1 <0.5 51.8
I (Fig 21A) 19-03-18 W/S 71.2 31.8 0.4 <0.5 51.3
I (Fig 21A) 05-04-18 W <0.1 1.7 0.1 <0.5 41.1
I (Fig 21A) 05-04-18 S <0.1 18.9 1.4 <0.5 60.1
I (Fig 21A) 05-04-18 W/S <0.1 43.3 0.3 <0.5 60.4
I (Fig 21A) 20-04-18 W 5.0 91.0 0.7 10.7 30.9
I (Fig 21A) 20-04-18 S 2.7 98.5 0.4 6.2 30.3
I (Fig 21A) 20-04-18 W/S <0.1 81.1 0.6 5.5 30.6
II (Fig 21B) 26-04-18 slow 0.6 81.5 6.0 27.3 28.0
II (Fig 21B) 26-04-18 medium <0.1 76.2 0.9 53.6 27.1
II (Fig 21B) 26-04-18 fast 0.3 67.7 1.3 47.0 27.0
II (Fig 21B) 07-05-18 slow <0.1 73.2 23.9 6.6 16.7
II (Fig 21B) 07-05-18 medium 0.5 77.9 9.4 46.5 29.0
II (Fig 21B) 07-05-18 fast 0.6 79.4 2.8 51.8 29.6
III (Fig 21C) 11-06-18 4.3 19.8 10.0 48.8 41.8
III (Fig 21C) 18-06-18 2.0 60.3 0.9 2.0 21.0
IV (Fig 21D) 03-07-18 Control 3.4 100.5 2.3 3.8 25.1
IV (Fig 21D) 03-07-18 DOC 3.6 92.3 4.8 10.4 25.5
IV (Fig 21D) 03-07-18 high
DOC
3.2 95.6 3.6 5.7 24.9
IV (Fig 21D) 10-07-18 Control 4.1 72.0 2.5 3.5 21.3
IV (Fig 21D) 10-07-18 DOC 6.3 94.5 11.0 10.5 27.7
IV (Fig 21D) 10-07-18 high
DOC
8.0 102.6 4.4 8.4 28.3
IV (Fig 21D) 11-07-18 Control 3.5 100.8 2.3 1.6 28.6
IV (Fig 21D) 11-07-18 DOC 5.2 92.3 12.8 5.0 28.8
IV (Fig 21D) 11-07-18 high
DOC
5.1 100.0 4.5 1.0 28.8
IV (Fig 21D) 13-07-18 Control 3.4 102.2 1.5 1.7 28.8
IV (Fig 21D) 13-07-18 DOC 5.4 90.8 15.6 8.2 28.8
IV (Fig 21D) 13-07-18 high
DOC
6.0 98.8 5.9 9.2 27.6
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